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A b s t r a c t
S o l u t i o n s  o f  c o n s e r v a t i o n  e q u a t i o n s  f o r  t h e  t h r e e - d i m e n s i o n a l  t u r b u l e n t  
f l o w f i e l d  in a g i t a t e d  v e s s e l s  were d e v e l o p e d .  R e s u l t s  showed t h a t  t h e  
N a v i e r - S t o k e s  e q u a t i o n s  w i t h  t h e  n o n i s o t r o p i c  k-e t u r b u l e n c e  model 
d e s c r i b e d  t h e  t h r e e - d i m e n s i o n a l  v e l o c i t y  p r o f i l e s  and t u r b u l e n c e  k i n e t i c  
en e r g y  and i t s  d i s s i p a t i o n  r a t e  f o r  t h e  f l o w f i e l d .  The n o n i s o t r o p i c  model 
c o n s i d e r e d  t h e  r o t a t i o n a l  e f f e c t  on t u r b u l e n c e  w i t h  a 
t u r b u l e n t - R i c h a r d s o n - n u m b e r  t e r m and a c c o u n t e d  f o r  t h e  i m p o r t a n t  b a f f l i n g  
e f f e c t s  t h r o u g h  t h e  n o n i s o t r o p y  o f  t h e  v i s c o s i t y .  The s o l u t i o n s  were 
v a l i d a t e d  w i t h  t h e  e x p e r i me n t a l  d a t a  f o r  v e l o c i t i e s  by Mu l v a h i l l  and f o r  
t u r b u l e n c e  p a r a m e t e r s  by P a t t e r s o n  and Wu. An i s o t r o p i c  k-e t u r b u l e n c e  
model f o r  r o t a t i o n a l  f l ow was a l s o  used .  Th i s  mo d i f i e d  i s o t r o p i c  k-e 
model p roved  t o  be i n a c c u r a t e  t o  d e s c r i b e  t h e  t u r b u l e n t  f l ow in t u r b i n e  
s t i r r e d  t a n k s  be c a u s e  i t  d i d  no t  c o n s i d e r  t h e  b a f f l i n g  e f f e c t s .  We a l s o  
compared t h i s  work w i t h  t h e  s i m i l a r  s t u d i e s  by o t h e r  i n v e s t i g a t o r s .  These 
co mp a r i s o n s  showed t h a t  t h e  f i n i t e  domain method and t h e  n o n i s o t r o p i c  k-e 
model  were t h e  a p p r o p r i a t e  ones  t o  be used in s t u d i e s  o f  t h e  
t h r e e - d i m e n s t i o n a l  t u r b u l e n t  f l ow in a g i t a t e d  v e s s e l s .
The t u r b u l e n t  f l o w f i e l d  s i m u l a t i o n  used t h e  N a v i e r - S t o k e s  e q u a t i o n s  and 
a t u r b u l e n c e  model t o  form a c l o s u r e  sys t em.  We pr opos ed  and used two 
d i f f e r e n t  k-e model s  f o r  t h i s  p u r p o s e .  The t h r e e - d i m e n s i o n a l  t r a n s p o r t  
e q u a t i o n s  were  d i s c r e t i z e d  w i t h  t h e  f i n i t e  domain method.  The power  law 
scheme was used t o  a p p r o x i m a t e  t h e  c o n v e c t i v e  t r a n s p o r t  and d i f f u s i v e  
f l u x .  The d i s c r e t i z a t i o n  e q u a t i o n s  were s o l v e d  w i t h  t h e  SIMPLE a l g o r i t h m .
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In t h i s  s o l u t i o n  p r o c e d u r e  t h e  T r i - D i a g o n a l  Ma t r i x  Al g o r i t h m wi t h  sweep 
method was used t o  s o l v e  each  o f  t h e  d i s c r e t i z a t i o n  e q u a t i o n s .  A g e n e r a l  
pu r p o s e  comput e r  FORTRAN code was d e v e l o p e d  t o  o b t a i n  s o l u t i o n s  o f  t h e s e  




1. 1 I n t r o d u c t i o n
Mixing i s  a v e r y  i m p o r t a n t  o p e r a t i o n  i n  t h e  chemi ca l  and p e t r o l e u m  
r e f i n e r y  i n d u s t r i e s .  I t  i s  w i d e l y  u t i l i z e d  t o  p e r f o r m a number o f  
f u n c t i o n s .  These i n c l u d e  c o n t i n u o u s  s t i r r e d  chemi ca l  r e a c t o r s ,  a b s o r p t i o n  
and e x t r a c t i o n  co l umns ,  and s u s p e n s i o n ,  d i s p e r s i o n  and b l e n d i n g  o p e r a t o r s .  
Al s o ,  o t h e r  i n d u s t r i a l  a p p l i c a t i o n s  o f  f l u i d  mixing i n c l u d e  c o a g u l a t i o n ,  
f l o c c u l a t i o n ,  p o l y m e r i z a t i o n ,  n i t r a t i o n ,  a l k y l a t i o n ,  f e r m e n t a t i o n ,  food 
p r o c e s s i n g ,  p u l p  and p a p e r  p r o c e s s i n g ,  e t c .
In t h i s  c h a p t e r ,  we w i l l  b r i e f l y  s t a t e  why and how t h e o r e t i c a l  r e s e a r c h  
on t h e  f l u i d  dynami cs  i n  mi xing t a n k s  s h o u l d  be pe r f o r med .  We w i l l  a l s o  
i n t r o d u c e  some i m p o r t a n t  f e a t u r e s  a s s o c i a t e d  w i t h  t h e  a g i t a t e d  v e s s e l s  as
t h e  background  f o r  t h i s  r e s e a r c h .  F i n a l l y ,  t h e  r e s e a r c h  ap p r o ach  and
o b j e c t i v e s  w i l l  be d i s c u s s e d .
As shown i n  F i g u r e  I —1,  a f l a t - b l a d e  t u r b i n e  i s  used t o  g e n e r a t e  t h e  
t h r e e - d i m e n s i o n a l  t u r b u l e n t  f l o w f i e l d  in t h e  b a f f l e d  mi xing v e s s e l s .  T h i s  
f l u i d  mot ion i s  c r e a t e d  t o  e l i m i n a t e  t h e  t e m p e r a t u r e  and c o n c e n t r a t i o n  
g r a d i e n t s  i n  t h e  f l u i d ,  t o  suspend  s o l i d  p a r t i c l e s ,  t o  m a i n t a i n  e m u l s i o n s ,
and t o  d i s p e r s e  a gas  ph as e  i n t o  a l i q u i d  p h as e .
The d e s i g n  o f  mi x ing  t a n k s  and s t i r r e d  r e a c t o r s  i s  ma i n l y  bas ed  on 
e m p i r i c a l  knowledge .  An example  i s  t h e  power  c u r v e ,  shown in F i g u r e  1 -2 ,  
which c o r r e l a t e s  t h e  power  number and Reynol ds  number.  T h i s  c o r r e l a t i o n
1
F i g u r e  1 - 1 .  The f l ow p a t t e r n  i n  a b a f f l e d  mi xing t a n k  
w i t h  a r a d i a l  f l ow t u r b i n e  from H o l l a n d ( l )
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F i g u r e  1 -2 .  Power c u r ve  f o r  a f l a t  b l a d e  t u r b i n e  f rom Ludwig(2) .
4
p e r m i t s  s c a l i n g  bas ed  on g e o m e t r i c  s i m i l a r i t y ,  b u t  t h i s  app r oach  has  i t s  
d i f f i c u l t i e s  as  w i l l  be d i s c u s s e d  s u b s e q u e n t l y .  For  f u r t h e r  p r o g r e s s  in 
t h e  f i e l d ,  a s o l u t i o n  t o  t h e  t r a n s p o r t  e q u a t i o n s  i s  r e q u i r e d  t o  p r e d i c t  
t h e  v e l o c i t y ,  t e m p e r a t u r e  and c o n c e n t r a t i o n  f i e l d s  in s t i r r e d  r e a c t o r s .  
C u r r e n t l y ,  a s t i r r e d  r e a c t o r  o r  a g i t a t e d  v e s s e l  i s  e i t h e r  d e s i g n e d  a f t e r  
an e x i s t i n g  one;  o r  i t  i s  d e s i g n e d  from t h e  e x p e r i me n t a l  d a t a  t a k e n  from a 
p i l o t  s c a l e  u n i t .  I t  i s  t i me - co n s u mi n g  and e x p e n s i v e  t o  o b t a i n  d a t a  f o r  
s c a l e - u p .  In a d d i t i o n ,  t h e r e  i s  a p rob l em a s s o c i a t e d  w i t h  m a i n t a i n i n g  
g e o m e t r i c ,  k i n e m a t i c  and dynamic s i m i l a r i t i e s  in s c a l e - u p .  For  g e o m e t r i c  
s i m i l a r i t y  a l l  r e l e v a n t  d i me n s i o n s  have common c o n s t a n t  r a t i o s ,  f o r  
k i n e m a t i c  s i m i l a r i t y  a l l  v e l o c i t i e s  have common c o n s t a n t  r a t i o s ,  and f o r  
dynamic s i m i l a r i t y  a l l  f o r c e  r a t i o s  a r e  t h e  same.
I t  i s  n o t  p o s s i b l e  t o  s c a l e - u p  a r e a c t o r  o r  mi xe r  by hav i ng  k i n e m a t i c  
and dynamic s i m i l a r i t i e s  b e c a u s e  t h e  f l u i d  p r o p e r t y  would have t o  change .  
For  exampl e ,  when t h e  i m p e l l e r  d i a m e t e r  i s  i n c r e a s e d ,  t h e  f l u i d  v i s c o s i t y  
would have t o  i n c r e a s e  t o  m a i n t a i n  t h e  same v a l u e s  o f  t h e  Reynol ds  number.  
T h e r e f o r e ,  e x p e r i m e n t s  and e x p e r i e n c e  r e q u i r e  t i m e ,  e f f o r t  and money be 
i n v e s t e d  on s m a l l - s c a l e  s t i r r e d  r e a c t o r s  and mi x i ng  v e s s e l s  in o r d e r  t o  
a c q u i r e  s a t i s f a c t o r y  r e s u l t s  f o r  t h e  d e s i g n  o f  an i n d u s t r i a l  r e a c t o r  o r  
mi x e r .
Wi th t h e  a d v e n t  o f  s u p e r c o m p u t e r s ,  i t  i s  now f e a s i b l e  t o  a t t e m p t  
s o l u t i o n s  t o  g o v e r n i n g  e q u a t i o n s  whi ch d e s c r i b e  t h e  f l u i d  b e h a v i o r  i n  a 
s t i r r e d  chemi ca l  r e a c t o r  o r  mi x ing  v e s s e l .  These  s o l u t i o n s  can be 
a t t a i n e d  t h r o u g h  a n u mer i c a l  s o l u t i o n  o f  t h e  c o n s e r v a t i o n  e q u a t i o n s ,  
f r e q u e n t l y  c a l l e d  c o m p u t a t i o n a l  f l u i d  dynami cs ,  CFD. The s t a n d a r d  
ap p r o a c h  as  d e s c r i b e d  by P a t t e r s o n ( 3 )  i s  t o  d e v e l o p  a n umer i c a l  s o l u t i o n  
o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  f o r  mass ,  momentum and en e r g y  which i s  
v a l i d a t e d  by t h e  e x p e r i m e n t a l  meas u r emen t s  f rom a p i l o t  p l a n t .  Then t h e
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n umer i c a l  s o l u t i o n  can be e x t r a p o l a t e d  t o  i n d u s t r i a l  s c a l e  w i t h  c o n f i d e n c e  
s i n c e  t h e  a n a l y s i s  i s  b a s e d  on t h e  c o n s e r v a t i o n  l aws .  T h e r e f o r e ,  i t  i s  
p o s s i b l e  t o  d e s i g n  t h e  r e a c t o r s  o r  mi x e r s  b a s e d  on f i r s t  p r i n c i p l e s  r a t h e r  
t h a n  e m p i r i c a l  c o r r e l a t i o n s .
D e s c r i b i n g  t h e  f l u i d  dynami cs  i n  t h e  t a n k  i s  t h e  f i r s t  and b a s i c  s t e p  
i n  r e s e a r c h  on t r a n s p o r t  phenomena and chemi ca l  r e a c t i o n s  i n  s t i r r e d  
r e a c t o r s  o r  m i x e r s .  A p r e c i s e  d e s c r i p t i o n  o f  t h e  f l u i d  dynami cs  mus t  be 
a v a i l a b l e  t o  be used w i t h  t h e  o t h e r  t r a n s p o r t  e q u a t i o n s .  Th i s  must  
i n c l u d e  a t u r b u l e n c e  model  f o r  t h e  t u r b u l e n t  f l ow.  The t u r b u l e n c e  model 
i s  r e q u i r e d  t o  d e s c r i b e  t h e  t u r b u l e n t  s t r e s s  t e r ms  i n  t h e  N a v i e r - S t o k e s  
e q u a t i o n s .  These  t e r ms  a r e  t h e  t i m e - a v e r a g e d  p r o d u c t s  o f  t h e  f l u c t u a t i n g  
component s  o f  t h e  f l u i d  v e l o c i t y .  They can be e x p r e s s e d  i n  t e r ms  o f  an 
e f f e c t i v e  v i s c o s i t y  which a p p e a r s  in t h e  c l a s s i c  e n e r g y - d i s s i p a t i o n  ( k - e )  
t w o - e q u a t i o n  model .  T h i s  t u r b u l e n c e  model  i s  l i s t e d  below and t h e s e  
e q u a t i o n s  a r e  c o n s e r v a t i o n  l aws t h a t  have been used i n  numerous s t u d i e s :
peI  " 5xj° + C1 E "t(55J + 53^ 53^ " C2PIT (I_2)
where  t h e  e f f e c t i v e  v i s c o s i t y  Ve .ff i s  t h e  sum o f  the- l a m i n a r  v i s c o s i t y ,  y,  
and t u r b u l e n t  v i s c o s i t y ,  y ^ .  The t u r b u l e n t  v i s c o s i t y  i s  d e f i n e d  i n  t e rms  
o f  t h e  t u r b u l e n t  k i n e t i c  e n e r g y  k and i t s  d i s s i p a t i o n  r a t e  e  a s  g i ven  
be l ow.
yt  = Cy pk2/ e  ( 1 - 3 )
To p r e d i c t  t h e  t u r b u l e n t  v e l o c i t y  f i e l d ,  t h e  t i m e - a v e r a g e d  c o n t i n u i t y  and 
momentum e q u a t i o n s ,  e q u a t i o n s  ( 1 - 4 )  and ( 1 - 5 ) ,  a r e  s o l v e d  s i m u l t a n e o u s l y
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w i t h  t h e  t u r b u l e n c e  mode l ,  i . e .  e q u a t i o n s  ( I - 1 )  and ( 1 - 2 )  w i t h  t h e  
boundar y  and i n i t i a l  c o n d i t i o n s  f o r  t h e  f l ow.
The d e r i v a t i o n  o f  t h e  k-e  model i s  d e s c r i b e d  i n  C h a p t e r  I I I ,  and t h i s  
model i s  o b t a i n e d  from m a n i p u l a t i o n  w i t h  t h e  momentum e q u a t i o n s  and o t h e r  
t r a n s p o r t  e q u a t i o n s  f o r  t h e  Reynolds  s t r e s s e s  t o  form a c l o s u r e  sys t em f o r  
t u r b u l e n t  f l ow.  Ther e  i s  an a p p r o x i m a t i o n  b e i n g  made i n  t h e  d e f i n i t i o n  of  
t h e  t u r b u l e n t  eddy v i s c o s i t y ,  and no u n i v e r s a l  t u r b u l e n c e  model  e x i s t s .  
C o n s e q u e n t l y ,  i t  w i l l  be n e c e s s a r y  t o  examine s e v e r a l  t u r b u l e n c e  model s  t o  
be a b l e  t o  a c c u r a t e l y  d e s c r i b e  t h e  t u r b u l e n t  f l ow b e h a v i o r  in a g i t a t e d  
v e s s e l  s .
To d a t e ,  no t u r b u l e n c e  model has  been s a t i s f a c t o r y  f o r  t h e  d e s c r i p t i o n  
o f  t h e  t u r b u l e n t  f l o w f i e l d  i n  a g i t a t e d  v e s s e l s .  However ,  some r e s e a r c h e r s  
have r e p o r t e d  t wo-  and t h r e e - d i m e n s i o n a l  s o l u t i o n s  t o  t h e  N a v i e r - S t o k e s  
e q u a t i o n s  f o r  s t u d i e s  i n  a d i s p e r s e d  phase  s y s t e m( 4 )  and a s i mpl e  
c o m p e t i t i v e - c o n s e c u t i v e  r e a c t i o n  s y s t e m ( 5 ) .
Based upon t h e  above d i s c u s s i o n ,  we see  t h a t  a numer i c a l  s o l u t i o n  o f  
t h e  e q u a t i o n s  o f  mot i on  i s  r e q u i r e d  w i t h  t h e  a i d  o f  a t u r b u l e n c e  model 
s u i t a b l e  f o r  t h e  f l ow i n  an a g i t a t e d  v e s s e l .  Because  o f  t h e  n o n - l i n e a r i t y  
and t h e  c o u p l i n g  o f  t h e s e  e q u a t i o n s ,  an a n a l y t i c a l  s o l u t i o n  i s  n o t  
f e a s i b l e ,  and a n u mer i c a l  s o l u t i o n  i s  r e q u i r e d .  A wel 1- d e v e l o p e d  and 
t e s t e d  numer i c a l  f o r m u l a t i o n  and s o l u t i o n  a l g o r i t h m  w i l l  be n e c e s s a r y  in 
t h i s  work in o r d e r  t o  o b t a i n  r e l i a b l e  and c o n v e r g e n t  r e s u l t s .
I t  i s  n e c e s s a r y  t o  have v e l o c i t y  p r o f i l e s  measur ed  i n  a s t i r r e d  t a n k  t o  
v e r i f y  t h e  s o l u t i o n s  o f  N a v i e r - S t o k e s  e q u a t i o n s .  A number o f  methods  have
7
been t r i e d  t o  measure  t h e  t h r e e - d i m e n s i o n a l  v e l o c i t i e s  in a g i t a t e d  
v e s s e l s .  Some o f  t h e s e  methods  a r e  l a s e r  d o p p l e r  anemometry,  hot  w i r e  
anemomet ry,  i o n - s p e c i f i c  p r o b e s ,  t h r e e - d i m e n s i o n a l  p i t o t  t u b e s ,  
ph o t o g r a p h y  o f  t r a c e r  p a r t i c l e s ,  and f l o u r e s c e n c e  b a s e d  c o n c e n t r a t i o n  
measurement .  The most  co mp l e t e  s e t  o f  d a t a  was o b t a i n e d  by Mu l v ah i 11(6)  
who used a t h r e e - s e n s o r  ho t  w i r e  anemometer  t o  measure  t i m e - a v e r a g e d  o r  
mean v e l o c i t y  p r o f i l e s  i n  a s t i r r e d  v e s s e l  w i t h  t h e  s t a n d a r d  t a n k  
c o n f i g u r a t i o n ,  f o l l o w i n g  dev e l o p me n t s  o f  t h i s  method by o t h e r s ( 7 , 8 ) .  His 
r e s u l t s  a r e  a v a i l a b l e  f o r  use  t o  v e r i f y  t h e  v e l o c i t y  p r o f i l e s  o b t a i n e d  
from t h e  s o l u t i o n  o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  i n  t h i s  r e s e a r c h .
1 . 2  Genera l  Background f o r  an A g i t a t e d  Vesse l
In t h i s  s e c t i o n  a b r i e f  d i s c u s s i o n  o f  i n d u s t r i a l  mi xing t e c h n o l o g y  w i l l  
be summarized t o  p r o v i d e  a p e r s p e c t i v e  o f  t h e  a p p l i c a t i o n s  f o r  t h i s
r e s e a r c h .  A mi xing t a n k  i s  composed o f  a power u n i t  ( m o t o r ) ,  a d r i v i n g
u n i t  ( t u r b i n e  o r  p r o p e l l e r )  and a c y l i n d r i c a l  v e s s e l ,  and b a f f l e s  a r e  used 
t o  p r e v e n t  v o r t e x  f o r m a t i o n .  In t h e  n e x t  s e c t i o n ,  t h e  c h a r a c t e r i s t i c s  o f  
t h e s e  b a f f l e s  a r e  d e s c r i b e d .
1 . 2 . 1  C h a r a c t e r i s t i c s  o f  A g i t a t e d  V e s s e l s
T h i s  s e c t i o n  w i l l  b r i e f l y  d e s c r i b e  t h e  i m p o r t a n t  f e a t u r e s  o f  an 
a g i t a t e d  v e s s e l .  These  i n c l u d e  i m p e l l e r  c h a r a c t e r i s t i c s ,  power 
c o n s u mp t i o n ,  b a f f l i n g  e f f e c t s ,  and t a n k  c o n f i g u r a t i o n .
I m p e l l e r  C h a r a c t e r i s t i c s : F i g u r e  1-3 shows t h e  seven b a s i c  t y p e s  o f
i m p e l l e r s  commonly found i n  chemi ca l  p r o c e s s  i n d u s t r i e s  p l a n t s .  I m p e l l e r s  
a r e  g e n e r a l l y  c l a s s i f i e d  i n  two b a s i c  c a t e g o r i e s ,  a c c o r d i n g  t o  t h e i r
d i s c h a r g e  f l ow.  Some (R1-R3)  a r e  r a d i a l  f l ow i m p e l l e r s  be c a u s e  t h e y
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gur e  1-3 .  Seven b a s i c  i m p e l l e r s  commonly used  in chemi cal  
p r o c e s s  i n d u s t r i e s  p l a n t s  from 0 1 d s h u e ( 9 ) .
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d i s c h a r g e  a f l u i d  i n  t h e  d i r e c t i o n  of  t h e  i m p e l l e r  r a d i u s .  O t h e r s  (A1-A4) 
a r e  t e rmed  as  a x i a l  f l ow i m p e l l e r s  b e c a u s e  t h e  p r i n c i p a l  l o c u s  o f  f l ow 
o c c u r s  a l o n g  t h e  a x i s  o f  t h e  i m p e l l e r s .  Axi a l  f l ow i m p e l l e r s  i n c l u d e  
t h r e e - b l a d e  mar i ne  p r o p e l l e r s  and p i t c h e d  b l a d e  t u r b i n e s ,  and r a d i a l  f l ow 
i m p e l l e r s  i n c l u d e  f l a t  and cu r ved  b l a d e  t u r b i n e s ,  b a r  t u r b i n e s ,  and 
t w o - b l a d e  c u r v ed  p a d d l e s .
The i m p e l l e r  shown as  R1 i n  F i g u r e  1-3 i s  g e n e r a l l y  known as  t h e
Rushton t u r b i n e .  I t  i s  used  when f a i r l y  h i gh  s h e a r  and t u r b u l e n c e  l e v e l s
a r e  r e q u i r e d .  A b a r  t u r b i n e ,  R2 in F i g u r e  1 - 3 ,  c r e a t e s  t h e  h i g h e s t  s h e a r  
r a t e s  among t h e  seven t y p e  o f  i m p e l l e r s .  The anc hor  i m p e l l e r ,  R3, i s  a 
c o n t o u r e d  t wo - b l a d e  d e v i c e  and i s  u t i l i z e d  f o r  h e a t  t r a n s f e r  and b l e n d i n g  
when t h e  f l u i d  v i s c o s i t y  i s  between 5 , 000  and 50 , 000  cP.
The m a r i n e - t y p e  p r o p e l l e r s ,  A1 of  F i g u r e  1 - 3 ,  a r e  n o r ma l l y  employed t o  
c r e a t e  a x i a l  f l ow.  They a r e  used e i t h e r  on s i d e - e n t e r i n g  mi x e r s  o r  a r e
mounted w i t h  t h e  s h a f t  o f  t h e  p r o p e l l e r s  a t  an a n g l e  t o  t h e  c e n t e r l i n e  of
a mi xing r e a c t o r  t a n k  t o  r e d u ce  v o r t e x  f o r m a t i o n .  The f o u r - b l a d e  f o r t y  
f i v e  d e g r e e  p i t c h e d  t u r b i n e ,  A2, i s  p r i n c i p a l l y  used f o r  f l o w - c o n t r o l l e d  
o p e r a t i o n .  The n e x t  t y p e ,  A3, pe r f o r ms  l i k e  a mar i ne  i m p e l l e r ,  b u t  i t  
we i ghs  l e s s  and i s  l e s s  e x p e n s i v e  t h a n  mar i ne  i m p e l l e r s .  The l a s t  one,  
A4, i s  a d o u b l e  s p i r a l  i m p e l l e r ,  and i s  d e s i g n e d  f o r  v e r y  v i s c o u s  f l u i d s
and has  two h e l i c a l  f l i g h t s .  The i n n e r  f l i g h t  pumps downward w h i l e  t h e
o u t e r  one pumps upward.
Mixing e f f e c t s  and f l u i d  f l ow phenomena i n  a g i t a t e d  v e s s e l s  a r e  no t  
c l e a r l y  u n d e r s t o o d ,  and d e c i s i o n s  ab o u t  t h e  b e s t  f l ow p a t t e r n ,  o r  what  
t y p e  and what  s i z e  o f  i m p e l l e r s  a r e  d e s i r a b l e ,  depends  on t h e  e x p e r i e n c e  
and t h e  a p p l i c a t i o n s .  Thes e  d e c i s i o n s  i n v o l v e  s e v e r a l  c o n s i d e r a t i o n s ,
such as  t h e  i m p e l l e r  power  cons umpt i on ,  t h e  r a t e  o f  c i r c u l a t i o n  d e s i r e d ,
t h e  v i s c o s i t y  o f  t h e  f l u i d ,  t h e  d e g r e e  o f  s h e a r  ( o r  t u r b u l e n c e ) ,  e t c .  At
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p r e s e n t ,  on l y  a q u a l i t a t i v e  u n d e r s t a n d i n g  i s  a v a i l a b l e  t o  d e s i g n  a g i t a t e d  
v e s s e l s  f o r  v a r i o u s  a p p l i c a t i o n s .  For  exampl e ,  w i t h  a c o n s t a n t  power 
con s u mp t i o n ,  s m a l l e r  i m p e l l e r s  a t  f a s t e r  s peeds  a r e  employed i f  h i gh  s h e a r  
r a t e s  a r e  d e s i r e d .  For  e x t r e m e l y  h igh s h e a r  r a t e s ,  n a r r o w - b l a d e  
i m p e l l e r s ,  such a s  s a w - t o o t h  i m p e l l e r s  and b a r  t u r b i n e s ,  a r e  recommended 
f o r  d i s p e r i o n s  o f  e i t h e r  l i q u i d s  o r  s o l i d s  i n  l i q u i d s ;  and a r e l a t i v e l y  
h i gh  power  i n p u t  i s  r e q u i r e d .  C o n v e r s e l y ,  i f  h i gh  c i r c u l a t i o n  r a t e s  a r e  
r e q u i r e d  w i t h  l ower  s h e a r  r a t e s . ,  l a r g e r  i m p e l l e r s  a t  l ower  s peeds  a r e  
u s ed .  P r o c e s s e s  such a s  l i q u i d - l i q u i d  and g a s - l i q u i d  mass t r a n s f e r  
r e q u i r e  a h i g h e r  power p e r  u n i t  volume t h a n  a l l  l i q u i d  s y s t e m s ,  and t h e  
r a d i a l  f l ow i m p e l l e r  i s  t h e n  us ed .  Axi a l  f l o w i m p e l l e r s ,  i n c l u d i n g  
p i t c h e d - b l a d e  t u r b i n e s  and p r o p e l l e r s ,  a r e  g e n e r a l l y  r e q u i r e d  i n  
a p p l i c a t i o n s  such a s  s o l i d s  s u s p e n s i o n ,  b l e n d i n g  and h e a t  t r a n s f e r  t h a t  
r e q u i r e  h i gh  pumping c a p a c i t y .  A g e n e r a l  c h a r t ( 2 ) ,  shown in F i g u r e  1 -4 ,  
can be used t o  a i d  i n  t h e  s e l e c t i o n  o f  a s u i t a b l e  i m p e l l e r  f o r  t h e  mixing 
a p p l i c a t i o n .  T h i s  c h a r t  a l l o w s  one t o  s e l e c t  t h e  t y p e  o f  i m p e l l e r  f o r  a 
p a r t i c u l a r  a p p l i c a t i o n  i f  t h e  c r i t e r i a  f o r  mi xing a r e  known. To e n s u r e  
t h i s  s e l e c t i o n  i s  b e s t ,  e x p e r i m e n t a l  measur ement s  on t h e  f l ow in t h e  t a n k  
o f  i n t e r e s t  a r e  n e c e s s a r y .
As p r e v i o u s l y  me n t i o n e d ,  however ,  e x p e r i m e n t s  a r e  e x p e n s i v e  and 
t i me - c o n s u mi n g .  C o n s e q u e n t l y ,  s o l u t i o n  t o  t h e  e q u a t i o n s  o f  mot ion f o r  t h e  
f l ow i n  a g i t a t e d  v e s s e l s  i s  t h e  o n l y  a l t e r n a t i v e .
Power Cons umpt i on : Power consumpt i on  i s  a n o t h e r  i m p o r t a n t  f a c t o r  in
t h e  d e s i g n  o f  a s t i r r e d  t a n k .  The t u r b u l e n t  f l ow i n  an a g i t a t e d  v e s s e l  i s  
p r oduced  w i t h  an i m p e l l e r ,  which c o n v e r t s  t h e  e l e c t r i c  e n e r g y  in t h e  motor  
t o  t h e  k i n e t i c  e n e r g y  o f  t h e  f l u i d .  The power  s u p p l i e d  by a mi xe r  i s  
a b s o r b e d  t h r o u g h  t h e  f r i c t i o n  i n  v i s c o u s  and t u r b u l e n t  s h e a r  f o r c e s  and
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S e l e c t i o n  C h a r t
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F i g u r e  1-4 .  Genera l  s e l e c t i o n  c h a r t  f o r  mi x ing  from Ludwig(2) .
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t h e n  d i s s i p a t e s  a s  h e a t .  The consumpt i on  of  power i s  a f u n c t i o n  of  t h e  
t y p e ,  s i z e  and numbers o f  t h e  i m p e l l e r ;  t h e  f l u i d  v i s c o s i t y  and d e n s i t y ;  
t h e  l o c a t i o n  and mount ing t y p e  o f  t h e  i m p e l l e r ;  t h e  speed o f  r o t a t i o n  and 
f l o w c i r c u l a t i o n  r a t e ;  and t h e  t a n k ' s  geomet r y ,  d i me n s i o n s  and i n t e r n a l  
a t t a c h m e n t s  ( s u c h  a s  b a f f l e s ) .  These  v a r i a b l e s  make power r e q u i r e m e n t  
e s t i m a t i o n  o n l y  a p p r o x i m a t e .  The power  r e q u i r e d  t o  d r i v e  d i f f e r e n t  t y p e s  
o f  i m p e l l e r s ,  however ,  can be d e t e r m i n e d  from c o r r e l a t i o n s  o f  e x p e r i m e n t a l  
d a t a  f o r  t h o s e  s ys t ems  a n d / o r  c o n f i g u r a t i o n s ,  e . g .  t h e  power c u r v e  f o r  t h e  
s t a n d a r d  t a n k  c o n f i g u r a t i o n  shown in F i g u r e  1-2 .
I m p e l l e r  power i s  u s u a l l y  e x p r e s s e d  in t e r ms  o f  two d i m e n s i o n l e s s  
q u a n t i t i e s ,  i . e .  t h e  power  number Np and Reynol ds  number Npg . These 
q u a n t i t i e s  a r e  d e f i n e d  by:
where  P i s  t h e  power  i n p u t  t o  t h e  i m p e l l e r ,  Dj i s  t h e  i m p e l l e r  d i a m e t e r ,  N 
i s  t h e  i m p e l l e r  spee d ,  p i s  t h e  f l u i d  v i s c o s i t y ,  and gc i s  a c o n v e r s i o n  
f a c t o r  f o r  B r i t i s h  u n i t s .
For  g e o m e t r i c a l l y  s i m i l a r ,  b a f f l e d  t a n k s ,  i t  has  been shown(2)  t h a t  t h e  
power  number and Reynol ds  number can be c o r r e l a t e d  by t h e  f o l l o w i n g  
e q u a t i o n :
and x a r e  two e m p i r i c a l  c o n s t a n t s  which a r e  d e t e r m i n e d  from 
e x p e r i m e n t a l  d a t a .
Ac c o r d i n g  t o  H o l l a n d ( l ) ,  t h e  o n s e t  o f  t u r b u l e n c e  i n  a g i t a t e d  v e s s e l s  i s  
a g r a d u a l  p r o c e s s ,  and t u r b u l e n c e  s t a r t s  a t  Npg =20.  However,  t h e  f l ow i s
Np = Pg(;/ pN3DI 5 d - 6 )
( 1 - 7 )
Np =  K1( N Re ) x 0 - 8)
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p r i m a r i l y  in l a m i n a r  r e g i o n  a t  NRe<400,  and t h e  f o l l o w i n g  c o r r e l a t i o n  can 
be used t o  compute t h e  power number and t h e  power r e q u i r e d  t o  d r i v e  t h e  
i m p e l l e r .
Ther e  i s  no s i mp l e  c o r r e l a t i o n  f o r  t h e  t u r b u l e n t  f l ow in t h e  r a n g e  o f  
Reynolds  number be tween 400 and 10 , 000 .  When NRg i s  o v e r  1 0 , 0 0 0 ,  t h e  
power number i s  c o n s t a n t  f o r  a t a n k  c o n t a i n i n g  f o u r  e q u a l l y  spaced  
b a f f l e s .  In t h i s  c a s e  t h e  power  number i s  g i v e n  by:
In t h e  above e q u a t i o n s  Kg and a r e  c o n s t a n t s  f o r  impel  1 e r s (  10) .  For 
exampl e ,  t h e y  can be o b t a i n e d  f rom F i g u r e  1-2 f o r  a s i x  f l a t  b l a d e  
t u r b i  n e .
For  t h o s e  t a n k s  w i t h  a c e n t r a l l y  l o c a t e d  i m p e l l e r  b u t  w i t h  no b a f f l e s ,  
t h e  f l u i d  b e g i n s  s w i r l i n g  and a v o r t e x  forms  a s  shown i n  F i g u r e  1 -5 .  To 
t a k e  t h i s  i n t o  a c c o u n t ,  e q u a t i o n  ( 1 - 8 )  t h e n  needs  t o  be m o d i f i e d  by 
i n c l u d i n g  t h e  e f f e c t  o f  g r a v i t y  which i s  n o t  i m p o r t a n t  i n  b a f f l e d  t a n k s .  
C o r r e l a t i o n  f o r  t h i s  c a s e  i s :
where x and y a r e  d e t e r m i n e d  by e x p e r i m e n t s  f o r  d i f f e r e n t  i m p e l l e r s ,  and 
Npr , t h e  Froude number ,  i s  d e f i n e d  by
One o f  t h e  most  u s e f u l  c o r r e l a t i o n s  f o r  t h e  d e s i g n  o f  u n b a f f l e d  t a n k s ,  
which a r e  u s u a l l y  used  f o r  h i g h l y  v i s c o u s  f l u i d s ,  i s  g i ven  by:
NP = K2<NRe>
-1
d - 9 )
( 1- 10 )
Np = Kl ( NRe) X (Npr )y d - 1 1 )
NFr = Dj NVg d - 1 2 )
( a )  Axi a l  f l ow p r o p e l l e r
L I OU I O  LE VE L  -
\
( b )  Radi a l  f l ow t u r b i n e
SIDE
F i g u r e  1-5 .  Vor t ex  f o r m a t i o n  and c i r c u l a t i o n  p a t t e r n s  in 
s t i r r e d  tank,  w i t h o u t  b a f f l e s  f rom 0 1 d s h u e ( 9 ) .
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Np = K3(Npr ) ( a _1° 9 NRe) / b  ( 1 - 1 3 )
where v a l u e s  o f  a and b a r e  g i ven  by Rus h t on ,  C o s t i c h  and E v e r e t t ( l l ) .
In summary,  power number v e r s u s  Reynol ds  number c o r r e l a t i o n s  have been 
r e p o r t e d  f o r  v a r i o u s  t y p e s  o f  i m p e l l e r s  in bo t h  b a f f l e d  t a n k s  and 
u n b a f f l e d  t a n k s ( 2 , 1 0 , 1 1 ) .  K v a l u e s  can be o b t a i n e d  f rom t h e  power c u r v e s  
such as  F i g u r e  1-2 t o  compute power r e q u i r e m e n t s  f o r  t h e  d i f f e r e n t  
i m p e l l e r s .
B a f f l i n g  E f f e c t s : In an u n b a f f l e d  mi xing t a n k ,  a t o p - e n t e r i n g ,
c e n t r a l l y - l o c a t e d  i m p e l l e r s  w i l l  c a u s e  t h e  f l u i d  t o  f l ow o n l y  t a n g e n t i a l l y  
in t h e  t a n k  a s  shown in F i g u r e  1 - 5 .  For  mos t  a p p l i c a t i o n s ,  however ,  t h i s  
s i t u a t i o n  i s  no t  d e s i r a b l e  be c a u s e  t h e  mere r o t a t i o n  o f  t h e  f l u i d  i n d u c e s  
low s h e a r  r a t e s  and a c c o r d i n g l y  i n e f f e c t i v e  mi x i ng .  Moreover ,  i f  a h igh 
i m p e l l e r  speed  i s  a p p l i e d ,  a v o r t e x  forms  a r ound  t h e  s h a f t  o f  t h e  i m p e l l e r  
and c a u s e s  a i r  e n t r a i n m e n t  i n t o  t h e  f l u i d .
P r o p e r l y  d e s i g n e d  b a f f l e s  e l i m i n a t e  v o r t e x  f o r m a t i o n  and c o n v e r t  t h e  
t a n g e n t i a l  f l ow i n t o  t h e  a x i a l  and r a d i a l  f l ow.  They p r o v i d e  a f l ow 
p a t t e r n  t h a t  c a r r i e s  t h e  f l ow i n  t h e  t a n k  t h r o u g h  t h e  i m p e l l e r  zone .  An 
o v e r b a f f l i n g  d e s i g n  w i l l  r e d u c e  t h e  f l ow r a t e  and c o n f i n e  t h e  f l ow between 
b a f f l e s ,  and may l e a d  t o  a poor  mi x i ng  p e r f o r ma n c e .  P r o p e r  d e s i g n  o f  t a n k  
b a f f l e s  i s  done by e x p e r i m e n t s  and e x p e r i e n c e ,  and s t a n d a r d  b a f f l e s  a r e  
f o u r  v e r t i c a l  s i d e - w a l l  b a f f l e s  p r o j e c t i n g  ab o u t  1 / 10 t o  1 /12 o f  t h e  t a n k  
d i a m e t e r  i n t o  t h e  t a n k .  T h i s  d e s i g n  c o n v e r t s  mos t  o f  t h e  t a n g e n t i a l  f l ow 
t o  a x i a l  and r a d i a l  f l o w ,  and c o n s e q u e n t l y  g i v e s  s i g n i f i c a n t l y  b e t t e r  
mi x i ng .
In summary,  b a f f l e s  a r e  n e c e s s a r y  f o r  t h e  f o l l o w i n g  r e a s o n s .  They 
c o n v e r t  t h e  t a n g e n t i a l  f l ow from t h e  i m p e l l e r  i n t o  f l ow w i t h  a x i a l  and
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r a d i a l  component s .  Al s o ,  t h e y  p r e v e n t  v o r t e x i n g ,  i . e .  e x c e s s  s w i r l i n g  
a c t i o n  and a i r  i n d u c t i o n ,  e n s u r e  a s t a b l e  and c o n s i s t e n t  power 
c ons umpt i on ,  and g i v e  a c o n s i s t e n t  c o r r e l a t i o n  o f  t h e  power number and 
Reynolds  number.
I t  s hou l d  be p o i n t e d  o u t  t h a t  f o r  t h o s e  mi xing t a n k s  i n  which v o r t e x i n g  
a c t i o n  a r e  no t  s e r i o u s  o r  does  no t  e x i s t ,  b a f f l e s  a r e  no t  n e c c e s s a r y .  One 
example i s  t h e  mi x ing  t a n k  w i t h  a t o p - e n t e r i n g ,  o f f - c e n t r a l l y  l o c a t e d  
i m p e l l e r .  S i d e - e n t e r i n g  mi xe r s  a r e  a n o t h e r  t example .  They w i l l  be 
d i s c u s s e d  b r i e f l y  in n e x t  s u b s e c t i o n  a l ong  w i t h  a r e v i e w on t h e  t a n k  
c o n f i g u r a t i o n .
Tank C o n f i g u r a t i o n  and I m p e l l e r  L o c a t i o n : A v e r t i c a l ,  c y l i n d r i c a l
mi x ing  t a n k  f i l l e d  w i t h  a f l u i d  t o  t h e  h e i g h t  equa l  t o  t h e  t a n k  d i a m e t e r  
i s  o f t e n  used a s  a b a s e  p o i n t  f o r  d e s c r i b i n g  an e f f e c t  o f  geomet r y .  For 
some a p p l i c a t i o n s ,  such as  s o l i d  s u s p e n s i o n  and b l e n d i n g ,  a b e t t e r  r a t i o  
o f  t h e  l i q u i d  h e i g h t  t o  t h e  t a n k  d i a m e t e r  i s  a b o u t  0 . 6  t o  0 . 7  f o r  minimum 
power c o n s u m p t i o n ( 9 ) . A l s o ,  o t h e r  f a c t o r s  may be t ak e n  i n t o  a c c o u n t  f o r  a 
p r o p e r  c h o i c e  o f  t a n k  shape  and geomet r y .
A s i n g l e  i m p e l l e r  can u s u a l l y  o p e r a t e  a t  f l u i d  c o v e r a g e s  f rom a h a l f  t o  
two d i a m e t e r s  o f  t h e  i m p e l l e r .  The p l ace men t  o f  an i m p e l l e r  can s e r i o u s l y  
a f f e c t  i t s  p e r f o r ma n c e .  For  a p r o p e l l e r  i n  a p r o p e r l y  b a f f l e d  s ys t em,  
a x i a l  f l u i d  f l ow i s  p ro d u c ed  a s  men t i oned  b e f o r e .  I f  t h e  p r o p e l l e r  i s  
p l a c e d  c l o s e  t o  t h e  bo t t om o f  a t a n k ,  t h e  f l ow becomes r a d i a l ,  and t h e  
p r o p e l l e r  o p e r a t e s  l i k e  a f l a t  t u r b i n e .  Al s o ,  i f  a h i gh  r o t a t i o n a l  speed 
i s  u s ed ,  t h e n  a s w i r l i n g  a c t i o n  d e v e l o p s  a t  t h e  bo t t om.  For  a r u l e  of  
thumb t h e  i m p e l l e r  s h o u l d  be mounted a t  a p o i n t  o f  1 / 6  o f  l i q u i d  d e p t h  o f f  
t h e  t a n k  b o t t o m ( 9 ) .
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The i m p e l l e r  mount ing i s  a l s o  gover ned  by t h e  l o c a t i o n  where t h e  f l u i d  
i s  wi t hdrawn.  In t h e  t a n k  e q u i p p e d  w i t h  a t u r b i n e ,  t h e  p r e f e r r e d  l o c a t i o n  
f o r  t h e  d r a w - o f f  o f  mixed f l u i d s  i s  a t  t h e  s i d e  o p p o s i t e  t h e  t u r b i n e  
i m p e l l e r ( 9 ) .  In a t a n k  e q u i p p e d  w i t h  a p r o p e l l e r ,  i t  i s  b e s t  t o  draw o f f  
t h e  f l u i d  from t h e  t a n k  d i r e c t l y  below t h e  a g i t a t o r  so t h a t  s uspended 
s o l i d s  and mixed l i q u i d s  can be removed as  u n i f o r m l y  as  p o s s i b l e ( 9 ) .  A 
s t u d y  o f  t h e  f l ow p a t t e r n  o f  t h e  mi x ing  sys t em shou l d  be made t o  a s s u r e  
t h a t  t h e  d e s i r e d  mixed f l u i d s  a r e  n o t  o n l y  o b t a i n e d  b u t  a l s o  wi t hd r awn .
Mi xer s  can be c l a s s i f i e d  a c c o r d i n g  t o  how i m p e l l e r s  a r e  mounted.  There  
a r e  two c a t e g o r i e s :  s i d e - e n t e r i n g  mi x e r s  and t o p - e n t e r i n g  m i x e r s ( 1 2 ) .  The 
i m p e l l e r s  o f  s i d e - e n t e r i n g  m i x e r s ,  u s u a l l y  p r o p e l l e r s ,  a r e  n o r ma l l y  p l a c e d  
above a f l a t  t a n k  bot t om w i t h  t h e  s h a f t  h o r i z o n t a l ,  and a t  a 7° t o  10° 
h o r i z o n t a l  a n g l e  w i t h  a v e r t i c a l  p l a n e  t h r o u g h  t h e  c e n t e r l i n e  o f  t h e  t a n k .  
Th i s  equi pment  i s  used f o r  t h o s e  f l u i d s  hav i ng  a v i s c o s i t y  o f  up t o  500 
c P ( 1 3 ) .  For  f l u i d s  w i t h  a v i s c o s i t y  f rom 500 t o  5 , 000  cP,  t h e  mi xe r  i s  
u s u a l l y  t o p - e n t e r i n g .  Compared w i t h  t h e  s i d e - e n t e r i n g  mi x e r s  a t  a g i ven  
power ,  t o p - e n t e r i n g  ones  o p e r a t e  a t  l ower  s peeds  w i t h  l a r g e r  i m p e l l e r s .  
Because  t h e  t o p - e n t e r i n g  mi x e r s  c r e a t e  t h e  h i g h e s t  f l u i d  f l ow a t  c o n s t a n t  
power ,  t h e y  a r e  employed more o f t e n  t h a n  s i d e - e n t e r i n g  o n e s ( 1 2 ) .  Both 
r a d i a l  and a x i a l  f l ow i m p e l l e r s  a r e  used f o r  t o p - e n t e r i n g  m i x e r s .
To a v o i d  t h e  s w i r l i n g  a c t i o n  and v o r t e x  f o r m a t i o n ,  b a f f l e s  a r e  a l ways  
needed as  men t i o n ed  b e f o r e .  In normal  p r a c t i c e  t h e r e  i s  a s pace  between 
t h e  t a n k  wal l  and t h e  b a f f l e s  equa l  t o  a b o u t  1 / 3  o f  t h e  b a f f l e  w i d t h .  For 
f l u i d s  w i t h  h i gh  v i s c o s i t y ,  e . g .  5 , 0 0 0  cP,  b a f f l e  w i d t h  may be r e d u c e d  and 
b a f f l e  l o c a t i o n  may be changed  t o  ha l fway  be tween t h e  t a n k  wa l l  and t h e  
i m p e l l e r ( 9 ) .  To r e s e r v e  some s p ac e  a t  t h e  bo t t om o f  t h e  t a n k  i s  a l s o  
d e s i r a b l e  f o r  p r e v e n t i n g  s o l i d s  f rom d e p o s i t i n g .  An g u l a r  o f f - c e n t e r  
p l a c e me n t  f o r  t o p - e n t e r i n g  i m p e l l e r s  w i t h o u t  b a f f l e s  can e l i m i n a t e
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v o r t e x i n g  and s w i r l i n g  phenomena,  t o o .  However,  t h i s  t ype  o f  i m p e l l e r s  
r e q u i r e s  more power t han  c e n t r a l  ones  due t o  t h e  h i g h e r  t o r q u e  a p p l i e d  on 
t h e  i m p e l l e r  s h a f t ( 9 )  f o r  t h e  same l e v e l  o f  mi x i ng .
The S t a n d a r d  Tank C o n f i g u r a t i o n : The v e s s e l  c o n f i g u r a t i o n  shown in
F i g u r e  1-6 i s  known as  t h e  s t a n d a r d  t a n k  c o n f i g u r a t i o n  which was d e f i n e d  
by H o l l a n d ( l )  a s  one t h a t  p r o v i d e s  a d e q u a t e  mi xing f o r  most  p r o c e s s i n g  
r e q u i r e m e n t s  f ound i n  i n d u s t r y .  The g e o m e t r i c a l  r e l a t i o n s h i p s  o f  t h e  
s t a n d a r d  t a n k  c o n f i g u r a t i o n  a r e  g i v en  in Tab l e  1 -1 .  Accord i ng  t o  
H o l l a n d ' s  d e f i n i t i o n ,  t h e  recommended i m p e l l e r  d i a m e t e r  i s  o n e - t h i r d  o f  
t h e  t a n k  d i a m e t e r ,  and t h e  c l e a r a n c e  o f  t h e  i m p e l l e r  above t h e  t a n k  bot tom 
i s  g i ven  a s  one i m p e l l e r  d i a m e t e r .  The s t a n d a r d  t a n k  c o n f i g u r a t i o n s  f o r  
v a r i o u s  t y p e s  o f  i m p e l l e r s  a r e  a l s o  gover ned  by t h e  c o r r e l a t i o n  f o r  power 
cons umpt i on .  T h i s  means t h a t  v a r i a t i o n s  in t h e  p a r a m e t e r s  o f  a g i ven  
mi xing  s ys t em,  such as  t h e  i m p e l l e r  speed  o r  t h e  i m p e l l e r  d i a m e t e r ,  a r e  
k e p t  i n  a r a n g e  where t h e  power number i s  c o n s t a n t .  For i n s t a n c e ,  
Rus h t on ,  e t  a 1 . ( 1 1 )  f ound  t h a t  Np d i d  n o t  change f o r  t h e  r a t i o s  o f  t h e  
i m p e l l e r  d i a m e t e r  t o  t h e  t a n k  d i a m e t e r  r a n g i n g  f rom 0 . 1 4  t o  0 . 50  f o r  t h e  
Rushton t u r b i n e s  ( t h e  t u r b i n e  i m p e l l e r s  w i t h  s i x - b l a d e  d i s c ) .  Al s o ,  i t  
has  been shown t h a t  t h e  power  number i s  n o t  a f f e c t e d  f o r  t h e  i m p e l l e r  
c l e a r a n c e  from t h e  t a n k  bot t om t o  t h e  i m p e l l e r  d i a m e t e r  r a t i o s  r a n g i n g  
f rom 0 . 3 5  t o  2 . 5 0  f o r  t w o - b l a d e  t u r b i n e s ( 1 4 ) ,  a l t h o u g h  t h e  i m p e l l e r  
c l e a r a n c e  n o r ma l l y  used i s  one i m p e l l e r  d i a m e t e r .  Thus ,  t h e  s t a n d a r d  t a n k  
c o n f i g u r a t i o n  i s  n o t  u n i q u e ,  and some f l e x i b i l i t y  i s  a d m i s s i b l e .
In p r a c t i c e ,  wide d e v i a t i o n s  from t h e  s t a n d a r d  t a n k  c o n f i g u r a t i o n  have 
been used  i n  i n d u s t r i a l  m i x e r s ( l ) .  Some o f  t h e s e  were  n e c e s s a r y  due t o  
t h e  need f o r  f e e d i n g  o r  w i t h d r a w i n g  f l u i d s  d u r i n g  t h e  mixing p r o c e s s .  





6 blade flat blade turbine
Di
F i g u r e  1 -6 .  S t a n d a r d  t a n k  c o n f i g u r a t i o n  f rom H o l l a n d ( l ) .
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Tabl e  1-1 .  Ge o me t r i ca l  R e l a t i o n s h i p s  f o r  t h e  S t a n d a r d  Tank
C o n f i g u r a t i o n  w i t h  a T u r b i n e  I m p e l l e r  f rom H o l l a n d ( l ) .
( 1 )  A g i t a t o r  Type
( 2 )  I m p e l l e r  Di amet e r
( 3 )  I m p e l l e r  He i g h t  f rom 
Tank Bot tom
( 4 )  I m p e l l e r  Bl ade  Width
( 5 )  I m p e l l e r  Bl ade  Length
( 6 )  Length o f  I m p e l l e r  Blade 
Mounted on C e n t r a l  Di sc
( 7 )  Li qu i d  He i g h t
( 8 )  B a f f l e  Number
( 9 )  B a f f l e  Width
Six  F l a t  Bl ade  Di sc  Tu r b i n e  
( Rush t on  T u r b i n e )
1/ 3  Tank Di amet e r
1 I m p e l l e r  Di amet e r
1 / 5  I m p e l l e r  Di amet e r  
1 / 4  I m p e l l e r  Di amet e r  
1 / 8  I m p e l l e r  Di amet e r
1 Tank Di amet e r  
Four
1 / 10 Tank Di amet e r
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and t h e  r e s u l t s  o b t a i n e d  from d i f f e r e n t  r e s e a r c h e r s  who used s i m i l a r  
c o n f i g u r a t i o n  a r e  compa r ab l e .
For  t h i s  work,  t h e  Rushton t u r b i n e  i s  l o c a t e d  midway between t h e  f l u i d  
s u r f a c e  and t h e  t a n k  bo t t om.  Th i s  i s  t h e  c o n f i g u r a t i o n  used by 
Mu1v a h i 11( 6 )  t o  measure  t h e  v e l o c i t y  p r o f i l e s .  The f l ow p a t t e r n s  i n  a 
mi x ing  t a n k  w i t h  t h i s  s t a n d a r d  c o n f i g u r a t i o n  were s k e t c h e d  i n  F i g u r e  1-1 .  
The f l u i d  i s  d i s c h a r g e d  f rom t h e  t u r b i n e  as  a t a n g e n t i a l  j e t ,  and t h e  
h i g h e r  v e l o c i t y  f l u i d  f rom t h e  j e t  e n t r a i n s  t h e  f l u i d  a r ound  i t .  Th i s  
f l ow d i v i d e s  a t  t h e  t a n k  w a l l ,  w i t h  one p a r t  f l o wi n g  t o  t h e  l ower  h a l f  o f  
t h e  t a n k  which t h e n  l oops  a r ound  and up i n t o  t h e  i m p e l l e r  zone .  The o t h e r  
p a r t  f l o ws  upwards  and t h e n  l o o p s  back down t o  t h e  t u r b i n e .  In a d d i t i o n ,  
t h e  f l u i d  f l o ws  t a n g e n t i a l l y  i n  t h e  d i r e c t i o n  o f  r o t a t i o n  o f  t h e  i m p e l l e r .
1 . 2 . 2  F l u i d  Dynamics o f  M i x i n g :
We have d i s c u s s e d  i m p o r t a n t  c h a r a c t e r i s t i c s  o f  t h e  b a f f l e d  t a n k  w i t h  an 
i m p e l l e r  i n  t h e  p r e v i o u s  s u b s e c t i o n .  Now we w i l l  b r i e f l y  i n t r o d u c e  t h e  
f l u i d  f l ow phenomena o f  t h e  mi x ing  p r o c e s s .  As men t i oned  b e f o r e ,  t h e  f l ow 
in an a g i t a t e d  v e s s e l  i s  c r e a t e d  by a r o t a t i n g  i m p e l l e r  d r i v e n  by a mot or .  
The pumping c a p a c i t y  i s  d e f i n e d  a s  t h e  v o l u m e t r i c  f l ow r a t e  o f  f l u i d  which 
was r a d i a l l y  o r  a x i a l l y  d i s c h a r g e d  f rom t h e  i m p e l l e r .  The v e l o c i t y  
d i s t r i b u t i o n  o f  t h e  d i s c h a r g e  f l ow from a r a d i a l  f l ow i m p e l l e r  such a s  t h e  
f l a t  b l a d e  t u r b i n e  has  been d e s c r i b e d  by a t u r b u l e n t  t a n g e n t i a l  j e t ,  which 
i s  i l l u s t r a t e d  in F i g u r e  1 - 7 .  The d i s c h a r g e  a r e a  o f  a t y p i c a l  r a d i a l  f l ow 
t u r b i n e  w i t h  f l a t  b l a d e s  can be vi ewed as  a c y l i n d r i c a l  s u r f a c e  s i n c e  t h e  
r a d i a l  v e l o c i t y  component  i s  domi nan t  in t h e  f l u i d  f l ow d i s c h a r g e  from 




. . L .
Bell Shaped Radial Velocity 
Profile,V
Angle at which Velocity 




Tangential Velocity yj 
Emerging From Source
F i g u r e  1 - 7 .  T a n g e n t i a l  j e t  from DeSouza(15)
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E n t r a i n me n t  i s  an i m p o r t a n t  e l e me n t  in mixing o p e r a t i o n s .  I t  i n v o l v e s  
i n c o r p o r a t i o n  o f  low v e l o c i t y  f l u i d  i n t o  t h e  f l u i d  s t r e a m o r  j e t  i s s u i n g  
from t h e  mi xing i m p e l l e r  s o u r c e .  Under  p r o p e r  c o n d i t i o n s ,  t h e  r a d i a l  f l ow 
from a t u r b i n e  s e r v e s  as  a c i r c u l a r  c r o s s - s e c t i o n  j e t  t o  c r e a t e  mi xing by 
t u r b u l e n c e  as  we l l  as  by e n t r a i n m e n t .
F l u i d  e l e m e n t s  i n t e r m i x  i n  a s t i r r e d  t a n k  by e xc hang i ng  mass and
momentum. Due t o  v e l o c i t y  d i f f e r e n c e s  l a y e r s  o f  f l u i d  i n t e r m i n g l e  wi t h  
one a n o t h e r .  In o r d e r  t o  o b t a i n  v e l o c i t y  g r a d i e n t s ,  t h e  i m p e l l e r  p r o v i d e s  
a h i gh  v e l o c i t y  f l ow f i e l d .  A p o r t i o n  o f  t h e  v e l o c i t y  p r o f i l e  f o r  r a d i a l  
f l ow t u r b i n e  i s  shown i n  F i g u r e  1-8 .  I t  i l l u s t r a t e s  t h e  v e l o c i t y
g r a d i e n t s  o b t a i n e d  f o r  t h e  i m p e l l e r .  The v e l o c i t y  g r a d i e n t s  a r e  i m p o r t a n t  
in t h e  d e s i g n  o f  mi x e r s  f o r  chemi ca l  p r o c e s s e s .  These  g r a d i e n t s  a r e  
r e s p o n s i b l e  f o r  t h e  r e d u c t i o n  o f  p a r t i c l e  s i z e s  and t h e  d i s p e r s i o n  o f  gas  
b u b b l e s  o r  d r o p l e t s ( 9 ) .
1 . 3  Summary and O b j e c t i v e s
As d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n s ,  t h e  t u r b u l e n t  f l u i d  dynamics  o f  
a mi xing t a n k  i s  v e r y  i m p o r t a n t .  P a t t e r s o n ( 16) p o i n t e d  o u t  t h a t  i t  i s  t h e  
key e l e me n t  f o r  c o m p l e t e l y  mode l i ng  chemi ca l  r e a c t i o n s  and o t h e r  
p r o c e s s e s  i n  a g i t a t e d  v e s s e l s .  Our r e s e a r c h  i s  an e f f o r t  t o  make 
c o n t r i b u t i o n s  i n  t h i s  a r e a ,  and t h u s  t h e  c h a r a c t e r i s t i c s  and f l ow
phenomena i n  a g i t a t e d  v e s s e l s  have been i n t r o d u c e d  as  background  f o r  our  
r e s e a r c h .
In t h i s  r e s e a r c h  we w i l l  o b t a i n  a t h r e e - d i m e n s i o n a l  s o l u t i o n  o f  t h e
N a v i e r - S t o k e s  e q u a t i o n s  w i t h  an a p p r o p r i a t e  t u r b u l e n c e  model  t o  d e s c r i b e  
t h e  f l u i d  dynami cs  and t u r b u l e n c e  phenomena i n  a s t i r r e d  t a n k .  A f l e x i b l e  
and r e l i a b l e  n u mer i c a l  a p p r o a c h  w i l l  be used t o  s o l v e  t h e  p a r t i a l
SHEAR RATE= AV Az
AV
Fi gur e  1-8.  Shear  r a t e  o b t a i n e d  from t h e  v e l o c i t y  p r o f i l e  from 0 1 ds hue ( 9 ) .
r o-p*
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d i f f e r e n t i a l  e q u a t i o n s .  We w i l l  d e v e l o p  a comput e r  program,  based  on t h e  
numer i ca l  app r oach  us ed ,  t o  compute t h e  v e l o c i t y  p r o f i l e s  and t u r b u l e n c e  
p a r a m e t e r s .  The t h r e e - d i m e n s i o n a l  comput e r  code w i l l  be d e s i g n e d  so i t  
can be a p p l i e d  t o  p r e d i c t  t e m p e r a t u r e  and s p e c i e s  c o n c e n t r a t i o n  p r o f i l e s  
f o r  t h e  f u r t h e r  r e s e a r c h  i n  mi x i ng .  The v a l i d i t y  o f  t h e  s o l u t i o n  f o r  t h e  
v e l o c i t y  f i e l d  and t u r b u l e n c e  p a r a m e t e r s  w i l l  be v e r i f i e d  by compar ing t h e  
computed r e s u l t s  w i t h  t h e  e x p e r i me n t a l  d a t a .  Al s o ,  an a n a l y s i s  o f  
t u r b u l e n c e  model s  w i l l  s u p p o r t  t h e  one used f o r  t h e  s o l u t i o n .
i
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CHAPTER I I
LITERATURE REVIEW AND ASSESSMENT
2 . 1  I n t r o d u c t i o n
In Ch a p t e r  I ,  a b r i e f  i n t r o d u c t i o n  t o  mi xing p r a c t i c e  i n  m e c h a n i c a l l y  
a g i t a t e d  v e s s e l s  has  been p r e s e n t e d .  A l s o ,  t h e  c h a r a c t e r i s t i c s  and f l u i d  
dynami cs  o f  a g i t a t e d  v e s s e l s  were p r o v i d e d  in some d e t a i l ,  and a summary 
and t h e  o b j e c t i v e s  of  t h i s  work were t h e n  s t a t e d  in t h e  f i n a l  s e c t i o n .  In 
t h i s  c h a p t e r ,  p r e v i o u s  s t u d i e s  o f  t h e  f l u i d  f l ow phenomena i n  t h e  b a f f l e d  
mi x ing  t a n k s  w i t h  a t u r b i n e  i m p e l l e r  w i l l  be r e v i e we d .  An a s s e s s m e n t  w i l l  
emphas i ze  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  which d e s c r i b e  t h e  
f l u i d  f l ow in a g i t a t e d  v e s s e l s  w i t h  t h e  s t a n d a r d  t a n k  c o n f i g u r a t i o n .  Th i s  
has  been an a c t i v e  f i e l d  o f  r e s e a r c h  f o r  t h e  p a s t  t h i r t y  y e a r s  w i t h  
numerous e x p e r i m e n t a l  and t h e o r e t i c a l  s t u d i e s  on v a r i o u s  a s p e c t s  o f  t h e  
t u r b u l e n t  f l u i d  dynami cs  and i t s  e f f e c t  on t h e  t r a n s p o r t  p r o c e s s e s  t a k i n g  
p l a c e  in t h e  v e s s e l .  F i r s t ,  t h e  t h e o r e t i c a l  s t u d i e s  w i l l  be r e v i e we d ,  and 
t h i s  w i l l  be f o l l o we d  by t h e  e x p e r i me n t a l  s t u d i e s .  Th i s  a s s e s s m e n t  w i l l  
i d e n t i f y  t h e  s t a t e  o f  knowledge in bo t h  t h e s e  a r e a s  and be used a s  a b a s i s  
f o r  t h i s  r e s e a r c h .  Note t h a t  t h i s  r e v i e w i s  f o r  b a f f l e d  t a n k s ,  s i n c e  
u n b a f f l e d  v e s s e l s  a r e  o n l y  used  f o r  h i gh  v i s c o s i t y  f l u i d s  and 
r e s e a r c h ( l - 4 )  has  been e s s e n t i a l l y  on t h e  v o r t e x  shape  and d e p t h .
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2 . 2  T h e o r e t i c a l  S t u d i e s  o f  t h e  T u r b u l e n t  Flow i n  A g i t a t e d  Ve s s e l s
Four  numer i ca l  and t h r e e  a n a l y t i c a l  s t u d i e s  o f  t h e  t u r b u l e n t  f l ow in 
a g i t a t e d  v e s s e l s  w i t h  r a d i a l  f l ow t u r b i n e s  have been r e p o r t e d  in t h e  
l i t e r a t u r e .  The f l ow in t h e  i m p e l l e r  s t r e a m has  been t h e  a c t i v e  s u b j e c t  
b e c a u s e  o f  i t s  i m p o r t a n c e ,  and two a p p r o a c h e s  have been d e v e l o p e d  which 
a r e  t h e  t a n g e n t i a l  j e t  and t r a i l i n g  v o r t e x  mode l s .  For f l ow i n  a g i t a t e d  
v e s s e l s  w i t h  an a x i a l  f l o w i m p e l l e r ,  F o r t ( 5 )  has  p u b l i s h e d  an i n d e p t h  
r e v i e w  o f  h i s  and r e l a t e d  r e s e a r c h  f o r  t h i s  t w o - d i me n s i o n a l  f l ow.
2 . 2 . 1  Numer ical  S o l u t i o n s
As men t i o n ed  i n  C h a p t e r  I ,  t u r b u l e n t  f l ow can be d e s c r i b e d  by s o l v i n g  
t h e  t i m e - a v e r a g e d  c o n t i n u i t y  and momentum e q u a t i o n s  and a t u r b u l e n c e  
model .  A n u mer i c a l  s o l u t i o n  on a d i g i t a l  comput e r  i s  r e q u i r e d .  In t h i s  
s e c t i o n ,  t h e  f o u r  p r e v i o u s  numer i c a l  s t u d i e s  on t h e  t u r b u l e n t  f l ow in 
a g i t a t e d  v e s s e l s  w i l l  be r e v i e wed .  Among them,  o n l y  one i s  
t h r e e - d i m e n s i o n a l .  The o t h e r  t h r e e  a r e  t wo - d i me n s i o n a l  on t h e  r - z  p l a n e  
b a s e d  on t h e  ax i symmet ry  a s s u m p t i o n .
*
Th r e e - Di me n s i o n a l  S i m u l a t i o n  by Mi d d l e t o n ,  e t  a l . ( 5 ,  Ch a p t e r  I )  :
M i d d l e t o n ,  e t  a l  . ( 5 , C h a p t e r  I )  have r e p o r t e d  t h e  o n l y  t h r e e - d i m e n s i o n a l  
s i m u l a t i o n  o f  t h e  t u r b u l e n t  f l ow i n  b a f f l e d  s t i r r e d  t a n k s  u s i n g  t h e  
n u mer i c a l  t e c h n i q u e ,  known a s  f i n i t e  domain method w i t h  SIMPLE a l g o r i t h m ,  
and t h e  c o r r e s p o n d i n g  comput e r  code d e v e l o p e d  a t  I mp e r i a l  Co l l e g e  in 
Eng l and .  They s o l v e d  t h e  c o n t i n u i t y  and momentum e q u a t i o n s  a l ong  w i t h  t h e  
s t a n d a r d  k-e mode l ,  i . e . ,  e q u a t i o n  ( 1 - 1 )  t o  ( 1 - 5 ) ,  f o r  t h e  t u r b u l e n t
* ( 5 ,  Ch a p t e r  I )  s t a n d s  f o r  t h e  r e f e r e n c e  number o f  t h e  c i t e d  l i t e r a t u r e
i n  Ch a p t e r  I .
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f l o w f i e l d  f i r s t ,  and t h e n  t h e y  a p p l i e d  t h e  computed f l o w f i e l d  r e s u l t s  in a 
s econd program t o  d e s c r i b e  t h e  c o n v e r s i o n  o f  two c o m p e t i t i v e - c o n s e c u t i v e  
chemi ca l  r e a c t i o n s  i n  a s t i r r e d  r e a c t o r .  The boundar y  c o n d i t i o n s  a t  t h e  
i m p e l l e r  b l a d e s  were o b t a i n e d  from t h e  measur ement s  by l a s e r  anemometry.  
They made a t a b u l a t e d  compar i son  o f  16 e x p e r i m e n t a l  and computed f i n a l  
s p e c i e s  c o n c e n t r a t i o n s  and c o n v e r s i o n  f r a c t i o n s  i n  30 l i t e r  and 600 l i t e r  
v e s s e l s ,  b u t  t h e r e  was no compar i son  w i t h  e x p e r i m e n t a l  d a t a  f o r  t h e  
v e l o c i t y  p r o f i l e s  and t u r b u l e n c e  p a r a m e t e r s .  The o n l y  r e s u l t s  f o r  t h e  
v e l o c i t y  p r o f i l e s  a r e  shown in F i g u r e  11- 1 ,  and t h e i r  p l o t s  c l e a r l y  
i n d i c a t e d  how b a f f l e s  a f f e c t e d  t h e  f l u i d  mot i on .  However ,  t h e  i m p o r t a n t  
p o i n t  i s  t h a t  t h e y  d i d  n o t  r e p o r t  any e x p e r i m e n t s  o r  co mp a r i s o n s  t o  
e s t a b l i s h  t h e  a c c u r a c y  o r  v a l i d i t y  o f  t h e i r  s o l u t i o n  f o r  t h e  f l u i d  
dynami cs  i n  t h e  r e a c t o r s .  The v a l i d a t i o n  o f  t h e i r  r e s u l t s  was b a s e d  on 
t h e  a g r eemen t  o f  f i n a l  c o n c e n t r a t i o n s  i n  a g i t a t e d  v e s s e l s .  They a l s o  
showed t h e  i n a p p l i c a b i l i t y  o f  s c a l e - u p  u s i n g  power  p e r  volume,  i m p e l l e r  
t i p  speed  o r  mi x ing  t i me  w i t h  t h e i r  computed r e s u l t s .
Two-Dimens ional  S i m u l a t i o n  by Harvey and G r e a v e s ( 6 ) :
Harvey and G r e a v e s ( 6 )  d e v e l o p e d  a t wo - d i m e n s i o n a l  s o l u t i o n  o f  t h e  
c o n t i n u i t y  e q u a t i o n  and t h e  momentum e q u a t i o n s  a l o n g  w i t h  t h e  s t a n d a r d  k-e 
t u r b u l e n c e  model f o r  t h e  t u r b u l e n t  f l ow i n  an a g i t a t e d  v e s s e l .  They 
s i m p l i f i e d  t h e  c o n s e r v a t i o n  e q u a t i o n s  by as sumi ng  a x i s ymmet r y ,  which 
n e g l e c t s  t h e  t h r e e - d i m e n s i o n a l  c h a r a c t e r  o f  t h e  f l ow c a u s ed  by t h e  
b a f f l e s ,  a s  shown i n  F i g u r e  I I - l .  To compens a t e  f o r  t h i s  a s s u m p t i o n ,  t h e y  
r e p l a c e d  t h e  t e r m - ( l / r ) ( 3 P / 3 0 )  i n  t h e  a n g u l a r  momentum e q u a t i o n  w i t h  what  
was c a l l e d  a p r e s s u r e  i n d u c e d  d r a g  t e r m,  -Cpr pW2/ r ,  t o  a c c o u n t  f o r  t h e  
b a f f l i n g  e f f e c t s  on t h e  a n g u l a r  momentum f i e l d .  Cgr  was a model p a r a m e t e r  
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F i g u r e  I I —1. V e l o c i t y  p r o f i l e s  i n  t h e  r - 8  ( L e f t )  and r - z  p l a n e  
r e p o r t e d  by Mi d d l e t o n ,  e t  a l . ( 5 ,  C h a p t e r  I )
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mi xing  t a n k  sys t em o f  Gunkel  and Weber (7)  such t h a t  t h e s e  e x p e r i me n t a l  
r e s u l t s  f o r  a i r  a g i t a t e d  w i t h  a t u r b i n e  co u l d  be used f o r  compar i son .  
Some o f  t h e i r  t h e o r e t i c a l  r e s u l t s  a r e  compared w i t h  t h e s e  d a t a  in F i gu r e  
11-2 f o r  p r o f i l e s  o f  t h e  a n g u l a r  v e l o c i t y  a l ong  t h e  r - d i r e c t i o n  i n  t h e  
i m p e l l e r  p l a n e  f o r  a r ange  o f  v a l u e s  f o r  C ^ .  For  t h i s  r ange  o f  Cpr  t h e  
d i f f e r e n c e  be tween t h e  t h e o r e t i c a l  r e s u l t s  and e x p e r i me n t a l  d a t a  i s  up t o  
100%. Compar i sons  o f  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  a n g u l a r  v e l o c i t i e s  
in o t h e r  r e g i o n s  o f  t h e  mi x i ng  t a n k  a r e  n o t  r e p o r t e d .  The d i f f e r e n c e s  
be tween numer i ca l  and e x p e r i me n t a l  p r o f i l e s  f o r  t h e  o t h e r  two v e l o c i t y  
component s  a r e  compar ab l e  t o  t h a t  shown f o r  t h e  a n g u l a r  component .  Al s o ,  
F o r t ( 8 )  c l a i me d  h i s  e i g h t - r e g i o n  a n a l y t i c a l  mode l (9 )  was more a c c u r a t e  
t h a n  t h i s  m o d e l .
In summary,  t h e  t u r b u l e n t  f l ow model p r opos ed  by Harvey and Gr e a v e s ( 6 )  
had t h e  a s s u mp t i o n  o f  ax i symmet ry  a bou t  t h e  i m p e l l e r  s h a f t .  However,  t h e  
a c t u a l  f l ow in a b a f f l e d  mi x i ng  t a n k  i s  t h r e e - d i m e n s i o n a l ,  and n e g l e c t i n g  
t h e  0 - g r a d i e n t s  l e a d s  t o  e r r o r s .  Al s o ,  t h e  a n g u l a r  momentum e q u a t i o n  had 
t o  be m o d i f i e d  by an e m p i r i c a l  d r ag  t e rm t o  a p p r o x i ma t e  t h e  t u r b u l e n t  
r o t a t i n g  f l ow in b a f f l e d  t a n k s .  In a d d i t i o n ,  t h e r e  were i n c o r r e c t  
boundar y  c o n d i t i o n s  u s e d ,  and l a t e r  t h e y  c o r r e c t e d  t h e  boundary  
condi  t i o n s ( 10) .
Two-Dimensional  S i m u l a t i o n  by P l a t z e r ( l l ) :
P l a t z e r ( l l )  s t u d i e d  t h e  t u r b u l e n t  f l ow o f  a s t i r r e d  t a n k  i n  which t h e  
i m p e l l e r  was n o t  l o c a t e d  i n  t h e  c e n t e r  o f  t h e  l i q u i d  h e i g h t .  He a l s o  
assumed ax i symmet ry  o f  t h e  f l o w f i e l d  and e l i m i n a t e d  a l l  t h e  0 - g r a d i e n t s  in 
t h e  g o v e r n i n g  e q u a t i o n s .  To e l i m i n a t e  t h e  d i f f i c u l t y  c a u s ed  by t h e  
p r e s s u r e  f i e l d ,  he u t i l i z e d  t h e  s t r e a m f u n c t i o n  and v o r t i c i t y  









F i g u r e  I 1-2 .  C a l c u l a t e d  and measured a n g u l a r  v e l o c i t y  p r o f i l e s  a l o n g  r -  
d i r e c t i o n  on t h e  i m p e l l e r  p l a n e  f rom Harvey and G r e a v e s ( 6 ) .
e q u a t i o n  t o  p u r p o s e l y  r e d u c e  t h e  t a n g e n t i a l  v e l o c i t y  t o  a c c o u n t  f o r  t h e  
b a f f l i n g  e f f e c t s .  The computed r a d i a l  v e l o c i t y  p r o f i l e s  showed some 
d e v i a t i o n  f rom v e l o c i t y  p r o f i l e s  o f  a i r  measured w i t h  a h o t  w i r e  
anemometer  i n  a t u r b i n e - a g i t a t e d  0.0351m d i a m e t e r  v e s s e l .  Co m p a r a t i v e l y ,  
o t h e r  computed v e l o c i t y  p r o f i l e s  had more c l o s e l y  matched t h e  d a t a .  A 
compar i son  f o r  measur ed  and computed t u r b u l e n c e  k i n e t i c  e n e r g y  has  been 
made,  a l s o .  However ,  t h e  s i z e  and s c a l e  on t h e s e  d i ag r a ms  a r e  such t h a t  
i t  can be s a i d  t h a t  o n l y  q u a l i t a t i v e  agr eement  had been a c h i e v e d .  
C o n s e q u e n t l y ,  i t  a p p e a r e d  t h a t  t h e  t wo - d i men s i o n a l  s i m u l a t i o n  o f  t h e  f l ow 
w i t h  t h e  c l a s s i c  k-e t u r b u l e n c e  model co u l d  be improved t o  d e s c r i b e  t h e  
t u r b u l e n t  f l ow i n  b a f f l e d  s t i r r e d  t a n k s .  In a d d i t i o n ,  t h e  use  o f  s t r eam 
f u n c t i o n  and v o r t i c i t y  t r a n s f o r m a t i o n s  p r o h i b i t s  t h i s  a n a l y s i s  f rom be i n g  
e x t e n d e d  t o  t h r e e  d i m e n s i o n s ,  s i n c e  t h e s e  t r a n s f o r m a t i o n s  do n o t  e x i s t  f o r  
t h r e e - d i m e n s i o n a l  f l ow.
Two-Dimens ional  S i m u l a t i o n  by P l a c e k ,  e t  a l . ( 1 2 ) :
P l a c e k ,  e t  a l . ( 1 2 )  r e p o r t e d  t h a t  one p r e v i o u s  numer i ca l  s t u d y  by 
P l a c e k ( 1 3 ) ,  whi ch used t h e  s t a n d a r d  k-e t u r b u l e n c e  model ,  c o u l d  n o t  
a c c u r a t e l y  d e s c r i b e  t h e  t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s .  T h e r e f o r e ,  
t h e y  p r opos e d  a m o d i f i c a t i o n  by s p l i t t i n g  t h e  o r i g i n a l  k - e q u a t i o n  t o  two 
e q u a t i o n s :  one f o r  t h e  l a r g e - s c a l e  c o n v e c t i v e  v o r t i c e s ,  kp,  and t h e  o t h e r  
f o r  t h e  t r a n s f e r  e d d i e s ,  ky.  The t h i r d  s c a l e  o f  t u r b u l e n c e ,  i . e . ,  
d i s s i p a t i o n  e d d i e s ,  was assumed n e g l i g i b l e .  The e - e q u a t i o n  t h e y  used was 
e x p r e s s e d  i n  t e r ms  o f  kp and ky.  Th i s  t w o - s c a l e  t h r e e - e q u a t i o n  t u r b u l e n c e  
model  was composed o f  t h e  f o l l o w i n g  e q u a t i o n s :
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where  Gp i s  t h e  p r o d u c t i o n  t e r m o f  t u r b u l e n c e  k i n e t i c  e n e r g y :
( I I —4)
The t u r b u l e n t  v i s c o s i t y  i n  t h i s  model was e x p r e s s e d  by:
v t  = 0.078A ( k p+kT) / / k p
A i n  t h e  above e q u a t i o n s  was c a l l e d  t h e  m a c r o s c a l e  o f  t u r b u l e n c e ,  and was 
g i ven  as  0 . 14Dj  a s  an a p p r o x i m a t i o n ( 14) .
The a g i t a t o r  boundar y  c o n d i t i o n s  were o b t a i n e d  from an i m p l i c i t  
t r a i l i n g  v o r t e x  model ,  d e v e l o p e d  f o r  d e s c r i b i n g  t h e  v e l o c i t y  p r o f i l e s  and 
t u r b u l e n c e  p a r a m e t e r s  i n  t h e  d i s c h a r g e  s t r e a m ( 1 4 ) .  The d e t a i l s  o f  t h i s  
model f o r  i m p e l l e r  s t r e a m  w i l l  be d i s c u s s e d  i n  a s u b s e c t i o n  l a t e r .  In 
a d d i t i o n  t o  p r o v i d e  t h r e e  v e l o c i t y  componen t s ,  t h i s  model  a l s o  p r o v i d e d  an 
e s t i m a t e  f o r  k and e  a t  r=1 . 08R,  which was t r e a t e d  a s  t h e  boundar y  i n s t e a d  
o f  t h e  i m p e l l e r  t i p  ( r = 1 . 0 R ) .  In t h e i r  s i m u l a t i o n  t h e y  assumed t h a t  ky a t  
r=1 . 08R i s  i n s i g n i f i c a n t  and kp i s  equa l  t o  k a t  r=1 . 08R.  In i t s  a d j a c e n t  
r e g i o n s ,  s a y ,  r =1 . 0R o r  r = l . l R ,  kp was s p e c i f i e d ,  b u t  ky was n o t  s p e c i f i e d  
t o  be equa l  t o  t h e  v a l u e s  a t  r=1 . 08R.  I t  i m p l i e d  t h a t  t r a n s f e r  e d d i e s  do 
n o t  e x i s t  a t  r=1 . 08R,  b u t  e x i s t  a t  r  < o r  > 1 . 08R.  They a l s o  assumed t h e  
symmetry w i t h  t h e  i m p e l l e r  p l a n e  and t o o k  o n l y  t h e  t op  h a l f  o f  t h e  v e s s e l  
a s  t h e i r  c a l c u l a t i o n  domain.  In a d d i t i o n ,  t h e y  s p e c i f i e d  v a l u e s  f o r
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v a r i a b l e s  in t h e  b l a d e - s w e p t  r e g i o n  e x c e p t  f o r  k y  and e ,  and t h u s  t h i s  
r e g i o n  was no t  i n c l u d e d  i n  t h e  c a l c u l a t i o n ,  and t h e y  d i d  no t  pe r f o r m t h e  
m a t e r i a l  b a l a n c e  i n  t h i s  r e g i o n .
The t wo - d i me n s i o n a l  momentum e q u a t i o n s  a l ong  w i t h  t h e  t w o - s c a l e  
t h r e e - e q u a t i o n  t u r b u l e n c e  model were s o l v e d  by us i n g  t h e  method o f  s t r eam 
f u n c t i o n  and v o r t i c i t y  t r a n s f o r m a t i o n s .  As ment i oned  b e f o r e ,  t h i s  method 
can n o t  be expanded t o  a t h r e e - d i m e n s i o n a l  a n a l y s i s .
T h e i r  p r e d i c t e d  v e l o c i t y  p r o f i l e s  were compared w i t h  e x p e r i me n t a l  d a t a  
measur ed  by a pi  t o t  t u b e  o n l y  i n  t h e  wa l l  r e g i o n s  o f  t h e  0.294m d i a m e t e r  
t a n k s  w i t h  w a t e r  a s  t h e  f l u i d .  The c ompar i sons  were made w i t h  t h e  
magn i t ude  o f  t h e o r e t i c a l  and e x p e r i me n t a l  r e s u l t a n t  v e l o c i t i e s  i n s t e a d  o f  
i n d i v i d u a l  v e l o c i t y  componen t s .  F i g u r e s  11- 3  and I I - 4  show t h e  
comp ar i s o n s  o f  r e s u l t a n t  v e l o c i t y  p r o f i l e s  n e a r  t h e  t a n k  wa l l  f o r  two 
d i f f e r e n t  i m p e l l e r  s peeds  and d i a m e t e r s .  The computed r e s u l t a n t  v e l o c i t y  
p r o f i l e s  were a b o u t  50% l ower  t h a n  t h e  measured  p r o f i l e s ,  A q u a l i t a t i v e  
compar i son  was made f o r  t h e  t u r b u l e n c e  en e r g y  d i s s i p a t i o n  r a t e s  w i t h  t h e  
comput e r  r e s u l t s  o f  P l a c e k ( 1 3 )  and P l a t z e r ( l l ) .  P l a c e k ,  e t  a l . ( 1 2 )  
r e p o r t e d  t h a t  o n l y  one o r d e r  o f  magni t ude  d i f f e r e n c e  o f  t h e  d i s s i p a t i o n  
r a t e  in t h e  b u l k  f l ow r e g i o n  was found in t h e i r  s i m u l a t i o n ,  w h i l e  
P l a c e k ( 1 3 )  f ound one o r d e r  o f  magn i t ude  h i g h e r  d i f f e r e n c e  and P l a t z e r ( l l )  
had two o r d e r s  o f  ma g n i t u d e  h i g h e r .
In t h i s  model t h e  p r o d u c t i o n  t e r m f o r  t u r b u l e n c e  k i n e t i c  e n e r g y ,  Gp in 
e q u a t i o n  ( I I - 4 ) ,  o n l y  i n c l u d e d  t h r e e  o f  t h e  s i x  component s  i n  t h i s  t e r m 
f o r  a x i s y m m e t r i c a l  f l o w.  The p r o d u c t i o n  t e rm i s  u s u a l l y  a domi nan t  t e rm 
i n  t h e  t u r b u l e n c e  e n e r g y  e q u a t i o n ,  and o m i t t i n g  p a r t  o f  t h i s  t e r m c ou l d  
l e a d  t o  s i g n i f i c a n t  e r r o r s .  For  t h e  l i m i t i n g  c a s e  of  ky a p p r o a c h i n g  z e r o ,  
we f i n d  t h e  second t e r m i n  t h e  r i g h t  s i d e  o f  e q u a t i o n  ( I I - 3 )  w i l l  app r oach  
i n f i n i t y .  For  t h e  o t h e r  l i m i t i n g  c a s e  w i t h  kp a p p r o a c h i n g  0 ,  i . e . ,  t h e
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F i g u r e  I I - 3 .  Compar i son o f  r e s u l t a n t  v e l o c i t y  a t  t h e  t a n k  wa l l  f o r  
N = 400 min * and Dj = Dy/3 from P l a c e k ,  e t  a 1 . ( 1 2 )
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F i g u r e  I I - 4 .  Compar i son o f  r e s u l t a n t  v e l o c i t y  a t  t h e  t a n k  wa l l  f o r  
N = 840 min  ̂ and Dj = Dy/4 from P l a c e k ,  e t  a l . ( 1 2 )
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l a r g e - s c a l e  c o n v e c t i v e  v o r t i c e s  d i s a p p e a r e d  and a l l  t h e  e n e r g y  o f  l a r g e  
v o r t i c e s  had a l r e a d y  been t r a n s f e r r e d  i n t o  t h e  smal l  t r a n s f e r  o r  
d i s s i p a t i o n  e d d i e s .  Thus ,  in e q u a t i o n  ( I 1 - 5 )  w i l l  a p p r o a c h  i n f i n i t y .  
Co n s e q u e n t l y ,  e q u a t i o n  ( I 1—5) i s  no t  u n i v e r s a l  t o  t h e  e n t i r e  f l ow r e g i o n .
The m o t i v a t i o n  f o r  t h e  r e s e a r c h  o f  P l a c e k ,  e t  a 1 . ( 1 2 )  was t o  o b t a i n  a 
b e t t e r  d e s c r i p t i o n  o f  t h e  f l ow by e x t e n d i n g  t h e  k-e model t o  i n c l u d e  t h e  
l a r g e r  e d d i e s  g e n e r a t e d  by t h e  v o r t i c e s  f rom t h e  i m p e l l e r  t i p  w i t h  t h e  
smal l  e d d i e s .  The compar i son  o f  t h e i r  r e s u l t s  o b t a i n e d  f rom t h e  
t h r e e - e q u a t i o n  mode l (12 )  and t h e  s t a n d a r d  k-e  t w o - e q u a t i o n  mode l ( 13 )  was 
n o t  r e p o r t e d .  The s o l u t i o n  from t h i s  s i m u l a t i o n  was used by 
S mi t h ( 4 ,  Ch a p t e r  I )  t o  s t u d y  t h e  d i s p e r s i o n  and d r o p l e t  phenomena in 
s t i r r e d  v e s s e l s .
2 . 2 . 2  A n a l y t i c a l  Tank Region S i m u l a t i o n
In t h i s  s e c t i o n ,  t h e  t h r e e  a n a l y t i c a l  t a n k  r e g i o n  s i m u l a t i o n s  w i l l  be 
r e v i e we d .  An a n a l y t i c a l  t a n k  r e g i o n  s i m u l a t i o n  i s  d e f i n e d  a s  a p p l y i n g  
a n a l y t i c a l  s o l u t i o n s  f o r  t h e  t u r b u l e n t  f l ow t o  r e g i o n s  o f  t h e  t a n k  such as  
i m p e l l e r  s t r e a m.
S i x - Re g i o n  Model by DeSouza and P i k e ( I 5 ) :
DeSouza and P i k e ( 15) made t h e  f i r s t  a t t e m p t  t o  s i m u l a t e  t h e  t u r b u l e n t  
f l ow t h r o u g h o u t  t h e  whole  b a f f l e d  mi xing t a n k .  They d i v i d e d  t h e  b a f f l e d  
mi x i ng  t a n k  i n t o  s i x  r e g i o n s ,  and used c l a s s i c a l  f l u i d  dynami cs  s o l u t i o n  
t o  d e s c r i b e  t h e  f l ow i n  each  r e g i o n .  In F i g u r e  11 - 5 ,  one o f  t h e i r  
comput e r  drawn s o l u t i o n s  d e p i c t e d  t h e  s t r e a m l i n e s  i n  t h e  t a n k .  Flow went  
from one r e g i o n  t o  a n o t h e r  i n  t h e  s i x  r e g i o n s .  They were :












F ig u r e  I 1 -5 .  T y p i c a l  compu te r  drawn s o l u t i o n  o f  f l o w f i l e d  w i t h
s i x  r e g i o n s  from DeSouza and P i k e ( 15) .
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I I .  The i m p e l l e r  s t r e a m a p p r o a c h i n g  t h e  t a n k  w a l l ,  modeled as
s t a g n a t i o n  f l ow.
I I I .  Upper and lower  c o r n e r s  o f  t h e  t a n k ,  modeled w i t h  t h e  p o t e n t i a l  
f l ow t h e o r y  in a c o r n e r .
IV.  Flow a t  t h e  t o p  and bo t t om o f  t h e  t a n k  away from t h e  w a l l ,  a l s o  
modeled by p o t e n t i a l  f l ow in a c o r n e r .
V. Flow a t  t h e  c e n t e r  o f  t h e  t a n k ,  modeled as  a c i r c u l a r  j e t .
VI.  Two d o u g h n u t - s h a p e d  e l e m e n t s ,  modeled a s  dead w a t e r  r e g i o n s .
In r e g i o n  I ,  an e x p l i c i t  t a n g e n t i a l  j e t  model ,  m o d i f i e d  from t h e
i m p l i c i t  one p r opos ed  by N i e l s e n ( 1 6 ) ,  was d e r i v e d  and found t o  a c c u r a t e l y  
d e s c r i b e  t h e  i m p e l l e r  s t r e a m a s  shown in F i g u r e  I 1-6 ( 1 5 ,  C h a p t e r  I ) .  The 
d e t a i l s  o f  t a n g e n t i a l  j e t  model s  w i l l  be d i s c u s s e d  i n  t h e  n e x t  s u b s e c t i o n .  
The p o t e n t i a l  f l ow t h e o r y ,  p r e v i o u s  used  by La r s o n ( 1 7 )  t o  d e s c r i b e  t h e  
f l ow in t h e  b u l k  o f  t h e  t a n k ,  was a p p l i e d  t o  r e g i o n s  I I ,  I I I  and IV.
S c h l i c h t l i n g 1s s o l u t i o n ( 1 8 )  f o r  a c i r c u l a r  j e t  in t u r b u l e n t  f l ow was used
t o  d e s c r i b e  t h e  f l ow in r e g i o n  V.
The compar i son  o f  computed and e x p e r i m e n t a l  v e l o c i t i e s  was hampered by
t h e  a c c u r a c y  o f  t h e  t h r e e - d i m e n s i o n a l  p i t o t  t u b e  i n  r e g i o n s  I I - IV where 
t h e  v e l o c i t i e s  were  s m a l l e r  t h a n  t h e  i m p e l l e r  r e g i o n .  C o n s e q u e n t l y ,  t h e  
compar i son  showed on l y  q u a l i t a t i v e  ag r eemen t  i n  p a r t s  o f  t h e s e  r e g i o n s .  
More s i g n i f i c a n t  was t h e  o b s e r v a t i o n  t h a t  f o r  most  p a r t s  o f  t h e  t a n k  t h e  
t a n g e n t i a l  v e l o c i t y  component s  were o f  t h e  same o r d e r  o f  ma g n i t u d e  a s  two 
o t h e r  v e l o c i t y  component s .  T h e i r  i d e a  o f  segmented r e g i o n s  was a d o p t e d  by 
o t h e r  r e s e a r c h e r s ( 9 , 19 ) .
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E x p e r i m e n t a l  Data  F o i n t t  
T h e o r e t i c a l  P r o f i l e
a - 11.28 
A - 18.53 






Fi gur e  I I - 6 . Compar i son o f  v e l o c i t y  p r o f i l e s  i n  t h e  i m p e l l e r  s t r eam 
by DeSouza ( 1 5 ,  Chap t e r  I ) .
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Seven-Region  Model by Ambegaonkar ,  e t  a 1 . ( 1 9 ) :
Ambegaonkar , e t  a l . ( 1 9 )  e x t e n d e d  t h e  s i x - r e g i o n  a n a l y t i c a l  s i m u l a t i o n  
o f  DeSouza and P i k e ( 15) t o  seven r e g i o n s ,  which a r e  shown in F i g u r e  11-7 
and l i s t e d  below:
I - I V .  Same as  r e g i o n s  I —IV in t h e  DeSouza and P i k e ( 1 5 ) .
V. Flow a t  t h e  c e n t e r  o f  t h e  t a n k  between t h e  i m p e l l e r  and r e g i o n
IV. T h i s  i s  a l m o s t  t h e  same a s  r e g i o n s  V and VI o f  t h e  DeSouza 
and P i k e ' s  m o d e l ( 1 5 ) .
VI.  Flow in t h e  r e g i o n  swept  by t h e  i m p e l l e r .
VI I .  Flow a t  t h e  t o p  and bot tom l a y e r  o f  t h e  t a n k .
The c l a s s i c a l  s o l u t i o n s  o f  DeSouza and Pi k e ( 15) were a d o p t e d  by 
Ambegaonkar ,  e t  a l . ( 1 9 )  t o  d e s c r i b e  t h e  f l u i d  f l ow i n  t h e i r  f i r s t  f i v e
r e g i o n s .  In t h e  r e g i o n  VI ,  t h e y  assumed t h e  s t r e a m l i n e s  were p a r a l l e l  t o
t h e  i m p e l l e r  c e n t e r l i n e  i n  p a r t  o f  t h e  b l a d e - s w e p t  r e g i o n ,  as  used by 
Cooper  and Wo l f ( 2 0 ) .  Region VII was modeled a s  f u l l y - d e v e l o p e d  boundary 
l a y e r  f l ow o v e r  a f l a t  p l a t e .  Most  o f  p a r a m e t e r s  in t h i s  s e v e n - r e g i o n  
model were  f rom DeSouza and P i k e ( 1 5 ) ,  and o t h e r s  were  c a l c u l a t e d  from t h e  
d a t a  o f  Gunkel  and We b e r ( 7 ) .
They showed t h a t  t h e  t a n g e n t i a l  j e t  model o v e r e s t i m a t e d  t h e  r a d i a l  
v e l o c i t y  i n  t h e  i m p e l l e r  s t r e a m when compared w i t h  t h e  e x p e r i m e n t a l  d a t a  
by Sachs  and R u s h t o n ( 2 1 ) .  They a l s o  showed t h a t  o u t s i d e  t h e  i m p e l l e r  
r e g i o n  t h e  d e v i a t i o n  be t ween  t h e  computed and measur ed  a x i a l  v e l o c i t i e s  
was a s  much as  100%.
E i g h t - R e g i o n  Model by F o r t ,  e t  a l . ( 9 ) :
F o l l owi ng  t h e  t h e o r e t i c a l  work by DeSouza and P i k e ( 15) and Ambegaonkar ,  
e t  a l . ( 1 9 ) ,  F o r t ,  e t  a l . ( 9 )  a g a i n  used a t a n g e n t i a l  j e t  model t o  d e s c r i b e
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t h e  j e t  s t r eam f l o w,  and a p p l i e d  t h e  a s s umpt i on  o f  t h e  t wo - d i men s i o n a l  
i r r o t a t i o n a l  f l ow in t h e  r e s t  o f  t h e  t a n k .  They d i v i d e d  t h e  t a n k  i n t o  
e i g h t  r e g i o n s  above and below t h e  i m p e l l e r  p l a n e .  The segmented r e g i o n s ,  
shown i n  F i gu r e  I 1 - 8 ,  can be d e s c r i b e d  as  f o l l o w s :
I .  Di s c h a r g e d  j e t  f rom t h e  i m p e l l e r ,  modeled by t h e  t a n g e n t i a l  j e t
p roposed  by DeSouza and P i k e ( 1 5 ) .
I I .  St ream i mp i ng i ng  upon t h e  t a n k  w a l l ,  and chang i ng  t h e  d i r e c t i o n
from r a d i a l  t o  upward a x i a l  and downward a x i a l .
I I I .  P r edomi nan t  a x i a l  v e l o c i t y  component s  a t  t h e  t a n k  w a l l .
IV. Upper and l ower  c o r n e r  o f  t h e  t a n k ,  in which v e l o c i t y  d i r e c t i o n s
changed f rom a x i a l  t o  r a d i a l .
V. P r edomi nan t  r a d i a l  f l ow a t  t h e  t o p  and bot t om l a y e r  o f  t h e  f l u i d
in t h e  t a n k .
VI.  S i m i l a r  t o  I I  and IV, f l ow chang i ng  d i r e c t i o n  and b o t h  r a d i a l  and
a x i a l  component s  p l a y i n g  i n  t h e  same r o l e .
VI I .  P r e v a i l i n g  a x i a l  v e l o c i t y  component s  a t  t h e  i m p e l l e r  a x i s .
V I I I .  Dead w a t e r  r e g i o n .
T h i s  e i g h t - r e g i o n  model j u s t  r e - d i v i d e d  t h e  t a n k  d i f f e r e n t l y  from DeSouza 
and Pi k e ( 15) and Ambegaonkar ,  e t  a l . ( 1 9 ) .  The t a n g e n t i a l  v e l o c i t y  
component s  were s t i l l  t r e a t e d  a s  i f  t h e y  d i d  n o t  e x i s t  in t h e  t a n k .  In 
f a c t ,  t h e  t h r e e  v e l o c i t y  component s  a r e  a f f e c t e d  by each o t h e r ,  and t h u s  
t h e y  s hou l d  be c o n s i d e r e d  s i m u l t a n e o u s l y .  No comp ar i s o n s  f o r  v e l o c i t y  
p r o f i l e s  has  been r e p o r t e d .
2 . 2 . 3  T a n g e n t i a l  J e t  Model and T r a i l i n g  Vor t ex  Model
As men t ion ed  in  C h a p t e r  I ,  t h e  t u r b u l e n t  f l ow in  a g i t a t e d  v e s s e l s  i s
g e n e r a t e d  by a r o t a t i n g  i m p e l l e r .  T h i s  d i s c h a r g e d  s t r e a m  from t h e
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i m p e l l e r  i s  p a r t i c u l a r  i m p o r t a n t .  To d e s c r i b e  t h e  i m p e l l e r  s t r e a m ,  two 
d i f f e r e n t  a p p r o a c h e s  have been d e v e l o p e d :  one i s  c a l l e d  t a n g e n t i a l  j e t  
model ,  and t h e  o t h e r  one i s  t r a i l i n g  v o r t e x  model .
T a n g e n t i a l  J e t  Mode l :
N i e l s e n ( 1 6 )  made t h e  f i r s t  a t t e m p t  t o  s i m u l a t e  t h e  h i g h  v e l o c i t y  s t r eam 
from t h e  Rushton t u r b i n e  u s i n g  t a n g e n t i a l  j e t .  He t i m e - a v e r a g e d  t h e  
e q u a t i o n s  o f  mot ion  and s i m p l i f i e d  them w i t h  t h e  boundar y  l a y e r  
a s s u m p t i o n s .  He used P r a n d t l ' s  m i x i n g - l e n g t h  f o r  eddy v i s c o s i t y .  By 
p e r f o r mi n g  a s i m i l a r i t y  t r a n s f o r m a t i o n ,  N i e l s e n ( 1 6 )  o b t a i n e d  an o r d i n a r y  
e q u a t i o n .  From t h i s  t r a n s f o r m e d  o r d i n a r y  e q u a t i o n  and c o n t i n u i t y  e q u a t i o n ,  
t h e  v e l o c i t y  p r o f i l e s  i n  t h e  i m p e l l e r  s t r e a m can be o b t a i n e d  i m p l i c i t l y .  
The d e t a i l s  o f  a n a l y t i c a l  s o l u t i o n  a r e  g i v e n  i n  N i e l s e n ' s  t h e s i s ( 1 6 ) .
S i n c e  N i e l s e n ' s  j e t  model i s  i m p l i c i t ,  i t  i s  i n c o n v e n i e n t  t o  be a p p l i e d  
t o  o b t a i n  f l ow p a t t e r n s  i n  t h e  d i s c h a r g e  f l o w.  Based on N i e l s e n ' s  e f f o r t ,  
DeSouza and P i k e ( 1 5 )  t h e n  d e v e l o p e d  a t h r e e - p a r a m e t e r  e x p l i c i t  t a n g e n t i a l  
j e t  model  a s  f o l l o w s :
V = Vmax[ l  -  t a n h 2( n / 2 ) ] ( H - 6 )
U = -  Vmax [ 43^  (n) -  n ( i  -  t a n h a (n/2))J ( 11-7)
o r 2 -  a 2
W = V t a n 0
y
where
Vmax = ^ ( o / r ’ y V - a 2^ ( 11—9)
n = a z / r ( 11- 10)
0^  = t a n  * ( a / V r 2- a 2 )
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The t h r e e  p a r a m e t e r s  in t h i s  e x p l i c i t  model ,  i . e . ,  o,  a and A, were g i ven  
b y ( 1 5 ,  C h a p t e r  I ) :
The above c o r r e l a t i o n s  were  o b t a i n e d  from C o o p e r 1s ( 2 2 )  d a t a  f o r  a i r  and 
w a t e r  and DeSouza1s ( 15,  C h a p t e r  I )  d a t a  f o r  w a t e r  w i t h  v a r i o u s  i m p e l l e r  
s p ee d s  and d i a m e t e r s .  The a c c u r a c y  o f  t h i s  e x p l i c i t  v e r s i o n  o f  t a n g e n t i a l  
j e t  model was a l s o  e s t a b l i s h e d  w i t h  t h e  d a t a  f o r  two d i f f e r e n t  s i z e s  of  
t u r b i n e s  by Dr b o h l a v ,  e t  a l . ( 2 3 ) .
T r a i l i n g  Vor t ex  Mode l :
V a n ' t  R i e t ,  e t  a l . ( 2 4 , 2 5 , 2 6 )  c o n c e n t r a t e d  on t h e  f l ow between t h e  
t u r b i n e  b l a d e s  and t h e  f l ow l e a v i n g  t h e  t u r b i n e  b l a d e  t i p s .  The v e l o c i t y  
d i s t r i b u t i o n s  were  measur ed  by p h o t o g r a p h s  t a k e n  w i t h  a camera  r o t a t i n g  a t  
t h e  same s peed  a s  t h e  t u r b i n e  i m p e l l e r .  He found t h a t  t h e r e  were  two 
s y mmet r i c a l  r o l l  v o r t i c e s  on t h e  r e a r  s i d e  o f  t h e  t u r b i n e  b l a d e s .  One was 
above and t h e  o t h e r  was be l ow t h e  i m p e l l e r  p l a n e .  The s c h e ma t i c  vi ew of  
t h i s  phenomena i s  shown i n  F i g u r e  I 1 -9 .
To d e s c r i b e  t h e  t r a i l i n g  v o r t e x  mot ion a r ound  t h e  t i p  o f  t h e  i m p e l l e r ,  
V a n ' t  R i e t  and S mi t h ( 2 4 )  u s ed  a c i r c u l a r  c y l i n d r i c a l  c o o r d i n a t e  sys t em 
w i t h  t h e  o r i g i n  l o c a t e d  a t  t h e  o u t e r  edge o f  t h e  b l a d e .  Thus ,  t h e  
c o o r d i n a t e  s ys t em used  was r o t a t i n g  w i t h  t h e  i m p e l l e r  b l a d e  t i p .  They 
p r o p o s e d  t o  use  s i m p l i f i e d  N a v i e r - S t o k e s  e q u a t i o n s  i n  t h e  r o t a t i n g  
c o o r d i n a t e  sys t em and t h e  c o n t i n u i t y  e q u a t i o n  t o  d e s c r i b e  t h e  v e l o c i t y  and 
p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  t r a i l i n g  v o r t e x .
o = 12.621
a = 0 . 06924  (Dt - D j ) / D t  
A = 1 . 1 4 3 6 [  NDI 3/ ( R 2- a 2 ) !s ] ° - 8337
( H - 1 3 )
( 1 1 - 1 4 )
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D i r e c t i o n  o f  
r o t a t i o n
/ # Xi N
D is c
B l a d e
Oise
F i g u r e  I I - 9 .  Schema t i c  3-D vi ew o f  t h e  t r a i l i n g  v o r t e x  p a i r  beh i n d  
each  i m p e l l e r  b l a d e  ( T o p ) ,  and 2-D view o f  t h e  f l ow 
f i e l d  in t h e  i m p e l l e r  r e g i o n .  S,  s t a g n a t i o n  p o i n t  
a f t e r  V a n ' t  R i e t  and S mi t h ( 2 4 ) .
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To s o l v e  t h i s  s e t  o f  e q u a t i o n s ,  V a n ' t  R i e t  and S mi t h ( 24)  used a 
d i f f e r e n t  app r oach  t o  s o l v e  f o r  v e l o c i t y  component s .  F i r s t ,  t h e y  o b t a i n e d  
an e m p i r i c a l  e q u a t i o n  f o r  a x i a l  v e l o c i t y  b a s e d  on e x p e r i m e n t s .  Then t h e y  
c o u l d  a n a l y t i c a l l y  d e r i v e  an e q u a t i o n  f o r  r a d i a l  v e l o c i t y  from t h e
c o n t i n u i t y  e q u a t i o n .  Be f o r e  i n c o r p o r a t i n g  t h e s e  two v e l o c i t y  component s  
i n t o  t h e i r  N a v i e r - S t o k e s  e q u a t i o n ,  t h e y  made two a s s u m p t i o n s :  f i r s t ,  t h e
eddy v i s c o s i t y  i s  c o n s t a n t ;  and s ec ond ,  t h e  z - g r a d i e n t  o f  t h e
c i r c u m f e r e n t i a l  v e l o c i t y  o f  t r a i l i n g  v o r t e x  i s  z e r o .  Then t h e i r  
N a v i e r - S t o k e s  e q u a t i o n  f o r  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  w i t h i n  t h e  
t r a i l i n g  v o r t e x  can be s o l v e d .  The r e  were  t h r e e  p a r a m e t e r s  i n  t h i s  model 
which were d e t e r m i n e d  by e x p e r i m e n t s .
A ma j o r  ac h i e v emen t  in V a n ' t  R i e t  and S m i t h ' s ( 2 4 )  t r a i l i n g  v o r t e x  model 
i s  t h a t  t h e y  e s t a b l i s h e d  an a x i s  sys t em f o r  t h e  t r a i l i n g  v o r t e x  and
o b t a i n e d  an e m p i r i c a l  e q u a t i o n  t o  e s t i m a t e  t h e  v o r t e x  r o t a t i o n a l  speed .  
However ,  t h e y  s t a r t e d  t h e i r  model  deve l o p me n t  by o b t a i n i n g  an e x p r e s s i o n  
f o r  a x i a l  v e l o c i t y  from e x p e r i m e n t s .  The v a l i d i t y  o f  t h i s  v o r t e x  model 
was i n f l u e n c e d  by t h e  a c c u r a c y  and u n i v e r s a l i t y  o f  t h i s  e x p r e s s i o n .  
B e s i d e s ,  t h e  a s s u mp t i o n  o f  c o n s t a n t  e f f e c t i v e  v i s c o s i t y ,  which i s  sum o f  
m o l e c u l a r  and . t u r b u l e n t  v i s c o s i t y ,  made t h e i r  a n a l y t i c a l  s o l u t i o n  
p o s s i b l e .  U n f o r t u n a t e l y ,  t h e y  a d m i t t e d  t h i s  was i n a c c u r a t e ( 2 4 ) . No
c ompar i son  f o r  computed and measur ed  r a d i a l  v e l o c i t y  was r e p o r t e d .  Th i s  
model was v a l i d a t e d  by o n l y  one g r a ph  f o r  t h e  v o r t e x  c i r c u m f e r e n t i a l  
v e l o c i t y  w i t h  an e r r o r  o f  a s  h i gh  a s  a b o u t  50%.
A d i s a d v a n t a g e  o f  t h i s  v o r t e x  model i s  t h a t  i t  d i d  n o t  p r o v i d e  an 
e x p r e s s i o n  f o r  t h e  t a n g e n t i a l  v e l o c i t y  component  b a s e d  on t h e  s t a t i o n a r y  
c y l i n d r i c a l  c o o r d i n a t e  s ys t em.  T h e r e f o r e ,  t h i s  model  i s  i n c o n v e n i e n t  f o r  
u s e .
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P l a c e k  and T a v l a r i d e s ( 14) s t a r t e d  from t h e  c o n c e p t  o f  t h e  r o t a t i n g  
c o o r d i n a t e s  by V a n ' t  R i e t  and S mi t h ( 2 4 )  t o  o b t a i n  a s t a t i o n a r y  t r a i l i n g  
v o r t e x  model on t h e  c y l i n d r i c a l  c o o r d i n a t e  s ys t em.  A f t e r  a c o m p l i c a t e d  
t r a n s f o r m a t i o n ,  t h e y  d e v e l o p e d  a 1 3 - e q u a t i o n  model f o r  t h e  t h r e e  v e l o c i t y  
component s .  One o f  t h e s e  e q u a t i o n s  in t h i s  s t a t i o n a r y  t r a i l i n g  v o r t e x  
model needed t o  be s o l v e d  i m p l i c i t l y .  Thus ,  t h i s  v o r t e x  model i s  
i m p l i c i t .  S i n c e  t h e  V a n ' t  R i e t  and S m i t h ' s ( 2 4 )  f o r mul a  f o r  t h e  
c i r c u m f e r e n t i a l  v e l o c i t y  w i t h i n  t h e  t r a i l i n g  v o r t e x  was no t  a c c u r a t e ,  t h e y  
used i n t e r p o l a t e d  v a l u e s  f rom e x p e r i me n t s  f o r  t h i s  r o t a t i o n a l  v o r t e x  
v e l o c i t y  in t h e i r  model .  Th i s  i n c r e a s e d  t h e  d i f f i c u l t y  t o  u t i l i z e  t h i s  
model .  Then,  b a s e d  on t h e  e x p e r i me n t a l  d a t a  by Gunkel  and We b e r ( 7 ) ,  
P l a c e k  and T a v l a r i d e s ( 1 4 )  a l s o  d e v e l o p e d  e s t i m a t i o n  f o r  t u r b u l e n c e  k i n e t i c  
en e r g y  and d i s s i p a t i o n  r a t e .  As d i s c u s s e d  b e f o r e ,  t h i s  model was used t o  
p r o v i d e  boundar y  c o n d i t i o n s  a t  i m p e l l e r  t i p  i n  a t w o - d i me n s i o n a l  n umer i ca l  
s i m u l a t i o n  f o r  t h e  t u r b u l e n t  f l ow in an a g i t a t e d  v e s s e l ( 12) .
The c a l c u l a t e d  a x i a l  p r o f i l e  o f  r e s u l t a n t  mean v e l o c i t y  a t  r=1 . 09R was 
compared w i t h  Gunkel  and W e b e r ' s ( 7 )  d a t a .  The d i s c r e p a n c y  n e a r  t h e  
i m p e l l e r  p l a n e  was ab o u t  10%, b u t  t h e  d i f f e r e n c e  a t  t h e  t u r b i n e  b l a d e  edge 
was more t han  100%.
I t  s hou l d  be p o i n t e d  o u t  t h a t  a c o u p l e  o f  t r a i l i n g  v o r t i c e s  were 
d i s c o v e r e d  by V a n ' t  R i e t  and S m i t h ( 2 4 , 2 5 , 2 6 )  and Van Der Molen,  e t  
a l . ( 2 7 ) .  However,  Gunkel  and Weber (7)  o b s e r v e d  f o u r  v o r t i c e s  b e h i n d  t h e  
t u r b i n e  b l a d e .  P l a c e k  and T a l v a r i d e s ( 1 4 )  d i d  n o t  r e p o r t  t h a t  how many 
t r a i l i n g  v o r t i c e s  can be o b t a i n e d  f rom t h e i r  v o r t e x  model ,  even t hough 
t h e y  have t r a n s f o r m e d  t h e  v e l o c i t y  component s  back  t o  t h e  v o r t e x  
r o t a t i o n a l  v e l o c i t y  on t h e  r o t a t i n g  c o o r d i n a t e  sys t em s e t  by V a n ' t  R i e t  
and S mi t h ( 2 4 ) .
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We t hen  w i l l  s e l e c t  a model f o r  t h e  i m p e l l e r  boundary  c o n d i t i o n s  in our  
n umer i ca l  s i m u l a t i o n  b a s e d  on a p r a c t i c a l  v i e w p o i n t .  P l a c e k  and
T a v l a r i d e s ( 1 4 )  d i d  no t  compare t h e  t a n g e n t i a l  j e t  model and t r a i l i n g
v o r t e x  model .  T h e i r  s t a t i o n a r y  t r a i l i n g  v o r t e x  model i s  i m p l i c i t  and
i n v o l v e s  13 e q u a t i o n s  w i t h  one v a r i a b l e  needed t o  be i n c o r p o r a t e d  from 
e x p e r i m e n t s .  Thus ,  t h i s  v o r t e x  model i s  n o t  p r a c t i c a l .  As f o r  t h e  
e x p l i c i t  t a n g e n t i a l  j e t  model by DeSouza and P i k e ( 1 5 ) ,  we f i n d  i t  i s  t h e  
e a s i e s t  model t o  be a p p l i e d  t o  t h e  f l ow in t h e  r e g i o n  c l o s e  t o  t h e
i m p e l l e r .  Co n s e q u e n t l y ,  t h e  t a n g e n t i a l  j e t  model w i i l  be used in our  
r e s e a r c h .
2 . 3  Expe r i me n t a l  S t u d i e s
Ther e  have been a number o f  e x p e r i me n t a l  s t u d i e s  on v a r i o u s  a s p e c t s  o f  
t h e  t u r b u l e n t  f l o w f i e l d  in b a f f l e d  s t i r r e d  t a n k s .  They i n c l u d e  
measur ement s  o f  mean v e l o c i t y  and t u r b u l e n t  p r o p e r t i e s .
V e l o c i t y  P r o f i l e s  in t h e  Bulk Region by Mu1v a h i 11(6 ,  C h a p t e r  I ) :
P a r i k h ( 7 ,  C h a p t e r  I )  and Khungar (8 , C h a p t e r  I )  d e m o n s t r a t e d  t h a t  a ho t  
w i r e  anemometer  co u l d  be used t o  measure  t h e  t u r b u l e n t  v e l o c i t y  p r o f i l e s  
o f  a 5 c e n t i s t o k e s  n o n - c o n d u c t i n g  s i l i c o n e  f l u i d  i n  an a g i t a t e d  v e s s e l .  
Then Mu l v a h i 11 ( 6 ,  C h a p t e r  I )  r e f i n e d  t h e i r  measurement s  u s i n g  a s p e c i a l l y  
d e s i g n e d  t h r e e - w i r e  p r obe  t o  measure  t h e  mean v e l o c i t y  component s  in t h e  
same s i l i c o n e  f l u i d  o u t s i d e  t h e  i m p e l l e r  s t r e a m.  Measurement s  were  t ak en  
f o r  t h r e e  d i f f e r e n t  i m p e l l e r  s peeds  (1 5 0 ,  200 and 250 rpm) and two
d i f f e r e n t  s i z e  Rushton t u r b i n e s  ( 3  and 4 i n c h e s )  i n  a 11 . 5  i n c h e s  d i a m e t e r  
s t i r r e d  t a n k  conformed t o  t h e  s t a n d a r d  t a n k  c o n f i g u r a t i o n .  Tab l e  11—1 
compares  h i s  t a n k  c o n f i g u r a t i o n  t o  t h a t  o f  t h e  s t a n d a r d  t a n k .  The
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Tabl e  I I - 1 .  S t a n d a r d  v e r s u s  Ac t ua l  Tank C o n f i g u r a t i o n  Used 
by Mu l v ah i 1 1 ( 6 ,  C h a p t e r  1)
S t a n d a r d  Tank 
C o n f i g u r a t i o n
C o n f i g u r a t i o n  wi t h  
4 - i n c h  i m p e l l e r
C o n f i g u r a t i o n  wi t h  
3 - i n c h  i m p e l l e r
Li qu i d  He i g h t °T °T °T
I m p e l l e r  Di amet e r Dy/7 t o  D j/2 Dy / 2 .9 Dy/ 3 . 8
Number o f  Tu r b i n e  
B1ades
6 6 6
D i s t a n c e  from 
T u r b i n e  t o  Tank Dj t o  2 . 5Dj 1.4Dj 1.9Dj
Bot tom
I m p e l l e r  Di amet e r  
: Blade Length 
: Bl ade  Width
20 : 5 : 4 20 : 5 : 4 20 : 5 : 4
Number o f  B a f f l e s 4 4 4
B a f f l e  Width Dt / 1 0  t o  Dy/12 Dy/ 11 . 5 Dy/ 11 . 5
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Reynolds  number f o r  t h e  f l ow in t h e  t a n k  was 4 , 8 4 0  f o r  3 - i n c h  i m p e l l e r  a t  
250 rpm and 5 , 1 6 0  and 6 , 88 0  f o r  4 - i n c h  i m p e l l e r  a t  150 and 200 rpm.
F i g u r e  11-10 shows t h e  p r o f i l e s  o f  a x i a l  v e l o c i t y  component s  on t h e  45° 
p l a n e  in t h e  s t i r r e d  t a n k  sys t em wi t h  a 3" t u r b i n e  r o t a t i n g  a t  250 rpm. 
F i g u r e  11-11 shows t h e  p r o f i l e s  o f  t a n g e n t i a l  v e l o c i t y  component s  a l ong 
t h e  t a n g e n t i a l  d i r e c t i o n  in t h r e e  d i f f e r e n t  t a n k  sys t ems .  
Mu l v ah i 11 (6 ,  Ch a p t e r  I )  f ound t h e  v e l o c i t y  p r o f i l e s  were  no t  symmet r i ca l  
above ar,d be l ow t h e  c e n t r a l l y  l o c a t e d  i m p e l l e r s .  A t o t a l  o f  78 p o s i t i o n s  
in t h e  t h r e e  t a n k  s ys t ems  was used by Mu1v a h i 11 f o r  v e l o c i t y  measur ement s .  
The r e s u l t i n g  v e l o c i t y  p r o f i l e s  were  c l a i me d  t o  be c o n s i s t e n t  and 
r e p r o d u c i b l e  t o  w i t h i n  5% ( 6 , Ch a p t e r  I ) .  The a c c u r a c y  o f  t h e  p r o f i l e s  
was a l s o  v e r i f i e d  by compar ing t h e  t a n k  c i r c u l a t i o n  r a t e s ,  o b t a i n e d  from 
t h e  i n t e g r a t i o n  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  a l o n g  t h e  t a n k  w a l l ,  w i t h  t h e  
c i r c u l a t i o n  r a t e s  b a s e d  upon e n t r a i n m e n t  i n t o  t h e  i m p e l l e r  s t r eam 
( 6 , Ch a p t e r  I ) .  T h e r e f o r e ,  h i s  e x p e r i m e n t a l  d a t a  w i l l  be used f o r  t h e  
v a l i d a t i o n  o f  t h e  v e l o c i t y  p r o f i l e s  computed in t h i s  work.
T u r b u l e n c e  Energy D i s s i p a t i o n  Ra t es  in t h e  J e t  S t r eam by P a t t e r s o n  and 
Wu(2 8 ) :
P a t t e r s o n  and Wu(28) used a l a s e r  Doppl e r  v e l o c i m e t e r  t o  o b t a i n  t h e  
v a l u e s  o f  t h e  d i s s i p a t i o n  r a t e s  o f  t h e  t u r b u l e n c e  e n e r g y  in t h e  j e t  zone.  
Three  i m p e l l e r  r o t a t i o n  s peeds  were used which were 100,  200 and 300 rpm 
f o r  a 27 cm d i a m e t e r  t a n k  w i t h  a 9 . 3  cm t u r b i n e  and w a t e r  a s  t h e  f l u i d .  
They found t h a t  t h e  t u r b u l e n c e  in mos t  l o c a t i o n s  o f  t h i s  r e g i o n  was not  
s t r o n g l y  n o n i s o t r o p i c ,  and t h u s  t h e y  c o n c e n t r a t e d  t h e i r  measur ement s  nea r  
t h e  i m p e l l e r  t i p  where  t h e  n o n i s o t r o p i c  j e t  was d i s c h a r g e d .  F i g u r e  11-12 
shows measur ement s  o f  t h e  d i s t r i b u t i o n  o f  t u r b u l e n c e  e n e r g y  d i s s i p a t i o n  
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F i g u r e  11-10.  Axi a l  v e l o c i t y  component s  on t h e  45° p l a n e  in t h e  t a n k  
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F i g u r e  11-11.  Angul a r  v e l o c i t y  component s  a l ong  t h e  0- d i r e c t i o n
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Fi g u r e  11-12.  Nor ma l i z ed  t u r b u l e n c e  en e r g y  d i s s i p a t i o n  r a t e s  in 
t h e  i m p e l l e r  s t r e a m from P a t t e r s o n  and Wu(28).
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t h e  e f f e c t  o f  t h e  i m p e l l e r  speeds  was smal l  on t h e  n o r m a l i z e d  d i s s i p a t i o n  
r a t e s ,  e / N 3Dj 2 a s  shown in F i g u r e  11-12.  The l a r g e s t  e f f e c t  was a t  
r / R  = 1 . 0  and a t  z /R = 0,  i . e . ,  a t  t h e  i m p e l l e r  t i p .  The d i f f e r e n c e s
ca u s ed  by t h e  r o t a t i o n  speeds  were shown t o  o c c u r  on t h e  i m p e l l e r  p l a n e  
where t h e  v a l u e s  o f  t h e  n o n d i me n s i o n a l i z e d  d i s s i p a t i o n  r a t e s  a r e  t h e  
h i g h e s t .  At  r / R  = 1 . 72  t h e  d i f f e r e n c e s  d i s a p p e a r  and t h e  c u r v e s  become 
f l a t t e r .  Acco rd i ng  t o  P a t t e r s o n  and Wu(28) ,  t h e s e  phenomena i mp l i e d  t h a t  
most  power consumpt i on  o c c u r e d  in t h e  j e t  zone ,  e s p e c i a l l y  c l o s e  t o  t h e  
i m p e l l e r  t i p .
Flow Phenomena by Gunkel  and W e b e r ( 7 ) :
A compr e hens i ve  s t u d y  o f  t h e  f l ow phenomena o f  a i r  i n  mi xing t a n k s  wi t h  
a Rushton t u r b i n e  was done by Gunkel  and Weber ( 7 ) .  They used a s h i e l d e d  
h o t - w i r e  anemometer  t o  o b t a i n  mean v e l o c i t i e s ,  f l u c t u a t i n g  component s ,  
ene r gy  s p e c t r a ,  and en e r g y  d i s s i p a t i o n  i n  t h e  e n t i r e  t a n k .  T h i s  s t u d y  
employed a 4 5 . 7  cm d i a m e t e r  t a n k  w i t h  a 2 2 . 8  cm t u r b i n e  a t  200,  400 and 
600 rpm.
They found t h a t  v e l o c i t y  p r o f i l e s  in t h e  i m p e l l e r  s t r e a m showed a 
t u r b u l e n t  j e t  b e h a v i o r  w i t h  e n t r a i n m e n t  as  d i s c u s s e d  p r e v i o u s l y .  A l s o ,  
f o u r  v o r t i c e s  were  r e p o r t e d  f rom between each p a i r  o f  b l a d e s :  two above 
and two below t h e  d i s c .  Th i s  i s  t w i c e  t h e  number o b s e r v e d  by V a n ' t  R i e t  
and Smi t h ( 24 )  and Van Der  Molen,  e t  a l . ( 2 7 ) .  In a d d i t i o n ,  t h e i r  r e s u l t s  
showed a l a r g e  r a d i a l  f l o w ou t war d  from b e h i n d  t h e  b l a d e s  and l ower  r a d i a l  
v e l o c i t y  i n  t h e  f r o n t  f a c e  o f  t h e  b l a d e s  which a g r e e d  w i t h  wha t  V a n ' t  
R i e t ,  e t  a l . ( 2 4 , 2 5 )  had o b t a i n e d .
Gunkel  and Weber (7)  a l s o  found t h e  f l u c t u a t i n g  v e l o c i t y  has  a s t r o n g  
p e r i o d i c  component  n e a r  t h e  i m p e l l e r  b l a d e s .  Measurement s  be tween t h e  
i m p e l l e r  b l a d e s  i n d i c a t e d  t h a t  t h e  r o o t  mean s q u a r e d  ( r . m . s . )  f l u c t u a t i n g
58
v e l o c i t y  i s  a l m o s t  i n d e p e n d e n t  o f  t h e  p o s i t i o n .  They a l s o  found t h a t  
random f l u c t u a t i o n s  in t h e  i m p e l l e r  r e g i o n  were  s ma l l .  The s t r o n g  random 
f l u c t u a t i o n s  o b s e r v e d  in t h e  r e g i o n  c l o s e  t o  t h e  b l a d e s  mi gh t  be due t o  
t h e  v o r t i c e s  formed i nbe t ween  t h e  b l a d e s .  Th i s  i s  t h e  same c o n c l u s i o n  as  
V a n ' t  R i e t ,  e t  a l . ( 2 4 , 2 5 ) .
Based on t h e  v e l o c i t i e s  o b t a i n e d  in t h e  i m p e l l e r  r e g i o n ,  Gunkel  and 
Weber (7)  e s t i m a t e d  t h e  e n e r g y  d i s s i p a t i o n  r a t e  i n  t h e  t a n k  by p e r f o r m i n g  
an e n e r g y  b a l a n c e  on a c o n t r o l  volume c o n t a i n i n g  t h e  i m p e l l e r .  They 
c l a i me d  t h a t  most  o f  t h e  i m p e l l e r  power  i s  d i s s i p a t e d  i n  t h e  b u l k  r e g i o n  
o f  t h e  t a n k .  Th i s  c o n c l u s i o n  was c o n t r a d i c t o r y  t o  o t h e r  wor ks ,  e . g . ,  
P a t t e r s o n  and Wu(28) .
In t h e  b u l k  r e g i o n  o f  t h e  t a n k ,  Gunkel  and Weber (7)  o b s e r v e d  t h a t  t h e  
r e s u l t a n t  mean f l ow i s  e s s e n t i a l l y  in t h e  a x i a l  d i r e c t i o n .  They i n s e r t e d  
t h e  p robe  from t h e  t o p  o f  t h e  t a n k  w i t h  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  mean 
f l ow v e c t o r  t o  measure  t h e  t a n g e n t i a l  and r a d i a l  componen t s ,  and t h e y  
found t h e i r  d a t a  f o r  t h e s e  two v e l o c i t y  component s  a r e  n o t  as  r e l i a b l e  as  
t h e  a x i a l  v e l o c i t y  component s .  The r . m . s .  v e l o c i t i e s  were  f ound no t  t o  
d i f f e r  much f rom one p o s i t i o n  t o  a n o t h e r .  Thus ,  t h e y  c o n c l u d e d  t h a t  an 
a p p r o x i ma t e  i s o t r o p i c  and homogeneous t u r b u l e n c e  f o r  t h e  f l ow may be 
a c c e p t a b l e .
S tudy  o f  t h e  Di s c h a r g e  J e t  f rom Five  T u r b i n e s  by B e r t r a n d ,  e t  a l . ( 2 9 ) :
B e r t r a n d ,  e t  a l . ( 2 9 )  used a h o t  f i l m  anemometer  t o  measur e  t h e  f l ow 
p a r a m e t e r s  i n  t h e  d i s c h a r g e  j e t  f rom f i v e  d i f f e r e n t  r a d i a l  f l ow i m p e l l e r s  
i n  a 40 cm d i a m e t e r  t a n k  w i t h  w a t e r  a s  a f l u i d .  They assumed t h e  a x i a l  
v e l o c i t y  was z e r o  in t h e  s t r e a m ,  and measur ed  t h e  o t h e r  two v e l o c i t y  
component s .  J e t - l i k e  b e h a v i o r s  were o b s e r v e d  from t h e  b e l l - s h a p e d  c u r v e s  
o f  t h e  p r o f i l e s  f o r  b o t h  r a d i a l  and t a n g e n t i a l  v e l o c i t y  component s  in t h e
59
a x i a l  d i r e c t i o n .  They c o n s i d e r e d  t h e  e x i s t e n c e  o f  t h e  a n g l e  p r o f i l e  w i t h  
whi ch t h e  d i s c h a r g e  f l ow l e a v e s  t h e  b l a d e  t i p s ,  and p ropos ed  t o  d e t e r m i n e  
i t  by t a k i n g  t an  * o f  t h e  r a t i o  o f  t h e  mean t a n g e n t i a l  v e l o c i t y  t o  t h e  
ijiean r a d i a l  v e l o c i t y .  The c a l c u l a t e d  r e s u l t s  showed t h a t  t h e  a n g l e
p r o f i l e  was a c o n s t a n t ,  which i s  d i f f e r e n t  f o r  t h e  v a r i o u s  i m p e l l e r s .
B e r t r a n d ,  e t  a l . ( 2 9 )  a l s o  o b t a i n e d  t h e  pumping c a p a c i t i e s  f o r  t h e  f i v e
d i f f e r e n t  i m p e l l e r s .  T h e i r  r e s u l t s  i l l u s t r a t e d  t h a t  t h e  d i s c h a r g e  f l ow
r a t e  i s  p r o p o r t i o n a l ,  t o  t h e  i m p e l l e r  spee d ,  bu t  t h e  p r o p o r t i o n a l  c o n s t a n t  
i s  d i f f e r e n t  f o r  v a r i o u s  i m p e l l e r s .  They found t h a t  t h e  pumping c a p a c i t y  
d e c r e a s e s  when t h e  b l a d e  w i d t h  d e c r e a s e s ,  and i n c r e a s e s  when t h e  i m p e l l e r  
i s  l owered  from t h e  midway o f  t h e  t a n k .
The r . m . s .  f l u c t u a t i n g  v e l o c i t i e s  i n  t h r e e  d i r e c t i o n s  were a l s o  
d e t e r m i n e d .  A compar i son  among them showed t h a t  t h e  t u r b u l e n c e  was no t  
i s o t r o p i c  i n  t h e  j e t  zone f o r  a l l  f i v e  i m p e l l e r s .  The d a t a  a l s o  showed 
t h a t  t h e  r a d i a l  and t a n g e n t i a l  t u r b u l e n c e  i n t e n s i t i e s  were  c o m p l i c a t e d  
f u n c t i o n s  o f  z ,  and no s i mp l e  c o r r e l a t i o n  co u l d  be found.
T u r b u l e n c e  Measurement s  i n  t h e  I m p e l l e r  St r eam by Mujumdar,  e t  a 1 . ( 3 0 ) :
A c o n s t a n t  t e m p e r a t u r e  h o t - w i r e  anemometer  was used t o  measure  t h e  mean 
and f l u c t u a t i n g  v e l o c i t i e s  n e a r  a 5" and 6 " t u r b i n e  in a c o v e r e d  and 
b a f f l e d  15" d i a m e t e r  mi xing  t a n k  f i l l e d  w i t h  a i r .  Mujumdar,  e t  a l . ( 3 0 )  
found t h a t  a l o c a l  maximum f o r  r . m . s .  v e l o c i t y  d i s t r i b u t i o n  o c c u r e d  in t h e  
r a d i a l  d i r e c t i o n ,  b u t  t h e  mean v a l u e s  k e p t  d e c r e a s i n g  t o  t h e  t a n k  w a l l .  
They r e p o r t e d  t h a t  t h e  l o c a l  i n t e n s i t y  o f  t u r b u l e n c e  i n c r e a s e d  w i t h  r ,  
s i n c e  t h e  mean v e l o c i t y  d e c r e a s e d  i n  t h e  r  d i r e c t i o n  more q u i c k l y  t han  t h e  
r . m . s .  f l u c t u a t i n g  v e l o c i t y .
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T u r b u l e n c e  C h a r a c t e r i s t i c s  in t h e  I m p e l l e r  St r eam by Rao and B r o d k e y ( 3 1 ) :
Rao and Brodkey( 31)  measur ed  v e l o c i t i e s  o f  t h e  j e t  f rom a 10. 2  cm 
t u r b i n e  in a 2 9 . 5  cm d i a m e t e r  t a n k  o f  w a t e r  w i t h  f o u r  e q u a l l y  spaced 
b a f f l e s .  T h r e e - d i me n s i o n a l  p i t o t  t u b e  was used f i r s t  t o  d e t e r m i n e  t h e  
d i r e c t i o n s  o f  t h e  mean v e l o c i t y  v e c t o r s .  Rao and Brodkey( 31)  found t h a t  
t h e  mean v e l o c i t i e s  o b t a i n e d  w i t h  t h e  p i t o t  t u b e  were much h i g h e r  t han  
t h o s e  w i t h  t h e  h o t  f i l m  anemometer .  They a t t r i b u t e d  t h i s  s i t u a t i o n  t o  t h e  
f a c t  t h a t  f o r  a h i gh  i n t e n s i t y  and l a r g e  s c a l e  t u r b u l e n c e  in t h e  s t r e a m,  
t h e  s t a t i c  p r e s s u r e  r e g i s t e r e d  by a p i t o t  t u b e  i s  l ower  t h a n  t h e  t r u e  
v a l u e  o f  s t a t i c  p r e s s u r e ;  t h u s  e r r o n e o u s  outcomes  were o b t a i n e d  w i t h  t h e  
p i t o t  t u b e .
Then t h e y  a d o p t e d  a c o n s t a n t  t e m p e r a t u r e  h o t  f i l m  anemometer  t o  
d e t e r m i n e  t h e  magn i t ude  o f  t h e  v e l o c i t i e s  and t h e  t u r b u l e n c e  p a r a m e t e r s ,  
e . g . ,  t u r b u l e n c e  i n t e n s i t i e s ,  in t h e  d i r e c t i o n  o f  t h e  v e l o c i t y  v e c t o r s
which was s i m i l a r  t o  t h e  works  o f  Mujumdar,  e t  a l . ( 3 0 ) .  The t u r b u l e n c e
f i e l d  was found t o  be a n i s o t r o p i c  and i n t e r m i t t e n t ,  t h e  l a t t e r  be i ng  
c a u s e d  by a s t r o n g  t u r b u l e n t  j e t  f rom t h e  i m p e l l e r .  The p r e s e n c e  o f
p e r i o d i c  v e l o c i t i e s  c l o s e  t o  t h e  i m p e l l e r  was a l s o  o b s e r v e d .  Al t hough
a n i s o t r o p y  was d e t e c t e d ,  Rao and Brodkey( 31 )  used an i s o t r o p i c  
r e l a t i o n s h i p  t o  e s t i m a t e  t h e  d i s s i p a t i o n  o f  t h e  t u r b u l e n c e  e n e r g y .
T u r b u l e n c e  Study o f  t h e  T r a i l i n g  Vor t ex  by V a n ' t  R i e t ,  e t  a l . ( 2 4 , 2 5 ) :
In a d d i t i o n  t o  t h e  s t u d y  o f  v e l o c i t y  p r o f i l e s  n e a r  t h e  i m p e l l e r  t i p  
whi ch has  been p r e v i o u s l y  d i s c u s s e d ,  V a n ' t  R i e t ,  e t  a l . ( 2 4 )  used a 
s t a t i o n a r y  c o n i c a l  h o t  f i l m  anemometer  p robe  f o r  t u r b u l e n c e  measurement s  
o f  t h e  v o r t e x  mot i on .  Because  o f  t h e  domi nan t  e x i s t e n c e  o f  v o r t i c e s  in 
t h e  i m p e l l e r  d i s c h a r g e ,  t h e y  s a i d  t h a t ,  when l o c a l  v e l o c i t i e s  a r e  
d e t e r m i n e d  w i t h  a s t a t i o n a r y  p r o b e ,  t h e  v o r t e x  sweepi ng a l o n g  t h e  probe
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may g e n e r a t e  a c o n s i d e r a b l e  non-random p s e u d o - t u r b u l e n t  f l u c t u a t i o n s .  
Thus ,  t r u e  t u r b u l e n c e  p a r a m e t e r s ,  such a s  eddy s i z e ,  t u r b u l e n t  i n t e n s i t y  
and e n e r g y  s p e c t r a ,  c a n n o t  be d e t e r m i n e d  s i mply  from v e l o c i t y  measur ement s  
w i t h  a s t a t i o n a r y  probe  i n  t h e  j e t  s t r e a m.  They p o i n t e d  o u t  t h a t  t h e
m a c r o s c a l e  o f  t u r b u l e n c e  a s  d e t e r m i n e d  by Mujumdar,  e t  a l . ( 3 0 )  and Rao and
Brodkey( 31)  i s  o f  t h e  magn i t ude  o f  t h e  d i a m e t e r  o f  t h e  v o r t e x .  S i n c e  t h e  
en e r g y  d i s s i p a t i o n  s c a l e s  a r e  s i g n i f i c a n t l y  a f f e c t e d  by t h e  
ab o v e - men t i o n ed  pseudo t u r b u l e n c e ,  V a n ' t  R i e t ,  e t  a l . ( 2 4 , 2 5 )  t h o u g h t  t h e  
c a l c u l a t e d  l o c a l  ene r gy  d i s s i p a t i o n  r a t e s  n e a r  t h e  i m p e l l e r  a r e  c e r t a i n l y  
t o o  h i g h .  They a l s o  c o n s i d e r e d  t h a t  t h e  t r u e  t u r b u l e n c e  p a r a m e t e r s  can be 
d e t e r m i n e d  by a s t a t i o n a r y  p robe  o n l y  in t h e  b u l k  r e g i o n ,  s i n c e  t h e  
v o r t i c e s  a r e  broken  up when t h e y  r e a c h  t h e  b a f f l e s  and t a n k  w a l l s .  They 
f e l t  t h a t  r e a l  t u r b u l e n c e  measur ement s  i n  t h e  i m p e l l e r  r e g i o n  can o n l y  be 
made w i t h  a p r obe  r o t a t i n g  w i t h  t h e  i m p e l l e r .
Flow Study in t h e  I m p e l l e r  Region by Van P e r  Molen,  e t  a l . ( 2 7 ) :
Van Der Molen,  e t  a l . ( 2 7 )  d e c l a r e d  t h a t  i t  was i m p o s s i b l e  t o  measure  
f l ows  i n  s t i r r e d  t a n k s  b e c a u s e  o f  s i g n i f i c a n t  d i s t u r b a n c e s  by p r o b e s  and 
t h e i r  s u p p o r t s  u n t i l  t h e  deve l opme n t  o f  t h e  l a s e r  Doppl e r  v e l o c i m e t e r .  
They used a l a s e r  Doppl e r  v e l o c i m e t e r ,  e q u i p p e d  w i t h  a f r e q u e n c y  s h i f t  in 
o r d e r  t o  e l i m i n a t e  t h e  ambiguous  meas u r i ng  d i r e c t i o n ,  t o  s t u d y  t h e  
t u r b u l e n t  f l ow i n  t h e  t u r b i n e  i m p e l l e r  r e g i o n  o f  s t i r r e d  v e s s e l s  
c o n t a i n i n g  w a t e r .  They r e p o r t e d  t h a t ,  l i k e  V a n ' t  R i e t  and S m i t h ( 2 4 ) ,  one 
p a i r  o f  c o u n t e r - r o t a t e d  v o r t i c e s  formed i nbe t ween  t h e  b l a d e s  and do mi n a t ed  
t h e  r e g i o n  1 < r / R  < 1 . 5 .  The n o n - d i m e n s i o n a l i z e d  c i r c u l a t i o n  v e l o c i t y  in 
t h e  v o r t i c e s  was found t o  be v e r y  s e n s i t i v e  t o  t h e  g eo me t r y ,  and t o  
i n c r e a s e  w i t h  s c a l e - u p .  The mean v e l o c i t y  i n  t h e  j e t  s t r e a m was r e p o r t e d  
t o  be p r o p o r t i o n a l  t o  t h e  i m p e l l e r  t i p  s peed .  Van Der Molen,  e t  a l . ( 2 7 )
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a l s o  s a i d  t h a t  due t o  e n t r a i n m e n t  t h e  r a d i a l  v e l o c i t y  i n c r e a s e d  in
—7 /6
p r o p o r t i o n  t o  ( r / R )  . They f a i l e d  t o  c o n s i d e r  t h e  t u r b u l e n c e  i n t e n s i t y
in  t h e  6- d i r e c t i o n ,  and t h e y  co n c l u d e d  t h a t  t h e  t u r b u l e n t  f l ow in t h e  
i m p e l l e r  r e g i o n  was i s o t r o p i c .  T h i s  i s  c o n t r a r y  t o  B e r t r a n d ,  e t  a 1 . ( 2 9 )  
and Rao and Br odkey( 31) .
V e l o c i t y  P r o f i l e  in t h e  Top Ha l f  o f  t h e  Tank by Naqat a  and 
A s s o c i a t e s ( 4 , 3 2 , 3 3 ) :
I t  i s  b e l i e v e d  t h a t  one o f  t h e  e a r l i e s t  and most  compr ehens i ve  work on 
t h e  measur ement s  o f  mean v e l o c i t y  p r o f i l e s  f o r  v a r i o u s  c o n f i g u r a t i o n s  of  
t h e  mi x ing  t a n k  was made by Nagata  and a s s o c i a t e s .  T h e i r  r e s e a r c h  was 
p r e s e n t e d  in two a r t i c l e s ( 3 2 , 3 3 )  and summarized in N a g a t a ' s  b o o k ( 4 ) .  In 
t h e i r  r e s e a r c h ,  w a t e r  was used a s  t h e  f l u i d ,  and t h e  i m p e l l e r  was an 
e i g h t - f l a t - b l a d e  t u r b i n e  c e n t r a l l y  l o c a t e d  in t h e  t a n k  which had e i g h t  
b a f f l e s .  T h e r e f o r e ,  N a g a t a ' s  t a n k  c o n f i g u r a t i o n  i s  d i f f e r e n t  from t h e  
s t a n d a r d  t a n k  c o n f i g u r a t i o n .  N e v e r t h e l e s s ,  t h e i r  r e s u l t s  can s t i l l  he l p  
us t o  u n d e r s t a n d  how t h e  l i q u i d  may f l ow t h r o u g h o u t  t h e  t a n k  wh i l e  
a g i t a t e d  by an i m p e l l e r .
Nagat a  used p i t o t  t u b e s  t o  measure  t h e  v e l o c i t y  p r o f i l e s  f o r  high 
Reynol ds  numbers and used a p h o t o g r a p h i c  method f o r  low Reynolds  numbers 
i n  t h e  t o p  h a l f  o f  t h e  t a n k .  They r e p o r t e d  t h a t  t h e  f l ow was r a p i d l y  
d i s c h a r g e d  f rom t h e  i m p e l l e r  and f l owed upwards  q u i c k l y  i n  t h e  s pace  c l o s e  
t o  t h e  t a n k  w a l l .  Then t h e  f l ow t u r n e d  o v e r  and p o i n t e d  back  down i n t o  
t h e  i m p e l l e r  r e g i o n .  Co n s e q u e n t l y ,  t h e y  made a c o n c l u s i o n  t h a t  t h e  
i n s e r t i o n  o f  b a f f l e s  r e d u c e s  t h e  t a n g e n t i a l  component  o f  t h e  f l u i d  
v e l o c i t y  and i n c r e a s e s  t h e  o t h e r  two v e l o c i t y  component s  by c a u s i n g  t h e  
f l ow t o  t u r n  in t h e  a x i a l  d i r e c t i o n .
V e l o c i t y  P r o f i l e s  Near  t h e  I m p e l l e r  by Sachs  and R u s h t o n ( 2 1 ) :
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Sachs  and Rus h t on ( 21)  d i d  t h e  f i r s t  q u a n t i t a t i v e  s t udy  o f  t h e  f l ow in 
t h e  ne i g h b o r h o o d  o f  a 4" s i x - f l a t - b l a d e  t u r b i n e  by meas u r i ng  v e l o c i t i e s  a t  
f i v e  r a d i a l  p o s i t i o n s  w i t h  t h e  p h o t o g r a p h i c  method in a 12" d i a m e t e r  tank,  
w i t h  w a t e r  as  t h e  f l u i d .  The r a d i a l  v e l o c i t y  p r o f i l e s  in t h e  i m p e l l e r
s t r e a m were o b s e r v e d  t o  be b e l l - s h a p e d ,  and t e n d e d  t o  f l a t t e n  as  t h e  f l ow
moved f rom t h e  i m p e l l e r  t i p  t o  t h e  t a n k  w a l l .  The v o l u m e t r i c  f l ow r a t e  
d i s c h a r g e d  from t h e  i m p e l l e r  was found t o  be p r o p o r t i o n a l  t o  t h e  i m p e l l e r  
speed .  In a d d i t i o n ,  t h e  v o l u m e t r i c  f l ow r a t e  from t h e  i m p e l l e r  i n c r e a s e d  
w i t h  t h e  r a d i a l  d i s t a n c e  be c a u s e  t h e  i m p e l l e r  s t r eam e n t r a i n e d  t h e  
a d j a c e n t  f l u i d .
They a l s o  o b s e r v e d  t h a t  t h e  r a d i a l  v e l o c i t y  d i s t r i b u t i o n  between t h e  
i m p e l l e r  b l a d e s  r e a c h e d  a maximum a t  50° ahead  o f  t h e  i ndexed  b l a d e  and 
was 38% h i g h e r  t h a n  t h e  a v e r a g e  v a l u e .  T h i s  e x p e r i m e n t a l  r e s u l t  showed 
t h e  o s c i l l a t o r y  e f f e c t  o f  t h e  i m p e l l e r ,  and t h i s  p u l s a t i n g  phenomena of  
t h e  r a d i a l  v e l o c i t y  component  was o b s e r v e d  t o  e x t e n d  from t h e  i m p e l l e r
s h a f t  t o  a l o c a t i o n  equa l  t o  ( 2 / 3 ) ( D j / 2 ) . A l s o ,  i t  was r e p o r t e d  t h a t  t h e
f l u i d  l e a v e s  t h e  i m p e l l e r  a t  an a n g l e  o f  53° .  T h i s  meant  t h e r e  was a 
t a n g e n t i a l  v e l o c i t y  a t  t h e  p e r i p h e r y  of  t h e  i m p e l l e r .
O t h e r  S t u d i e s :
In a d d i t i o n  t o  t h e  e x p e r i m e n t a l  s t u d i e s  men t i oned  above ,  t h e r e  have 
been some o t h e r  r e l a t e d  s t u d i e s  wo r t h  m e n t i o n i n g .  Weetman and Sal zman(34)  
s t u d i e d  t h e  e f f e c t  o f  s i d e  f l ow on t h e  f l u i d  b e h a v i o r  in mi xing t a n k s .  
They used  t h e  l a s e r  Dopp l e r  v e l o c i m e t e r  t o  o b t a i n  v e l o c i t y  v e c t o r s  f o r  
bo t h  a x i a l  and r a d i a l  t y p e  o f  i m p e l l e r s .  A i b a ( 3 5 )  used t h e  r a d i o i s o t o p e  
o f  c o b a l t  a s  a means o f  measurement  t o  o b t a i n  t h e  v e l o c i t y  p r o f i l e s  of  
w a t e r  and g l y c e r i n e  s o l u t i o n s  as  f l u i d s  i n  t h e  u n b a f f l e d  and b a f f l e d  t a n k s
64
e q u i p p e d  w i t h  t h r e e  r e p r e s e n t a t i v e  t y p e s  o f  i m p e l l e r s ,  namely p r o p e l l e r ,  
t u r b i n e  and p a d d l e .  C u t t e r ( 3 6 )  used t h e  p h o t o g r a p h i c  method and Kiel  
i mpac t  t u b e  t o  measure  mean and f l u c t u a t i n g  component s  of  v e l o c i t y  of  
w a t e r  in a s t i r r e d  t a n k .  Met zne r  and T a y l o r ( 3 7 )  used t h e  p h o t o g r a p h i c  
t e c h n i q u e  t o  measur e  v e l o c i t y  d i s t r i b u t i o n  i n  b o t h  v i s c o u s  Newtonian and 
non-Newt oni an  f l u i d s  a g i t a t e d  by a f l a t  b l a d e  t u r b i n e  in a b a f f l e d  t ank  
w i t h  r o t a t i o n  s peeds  r a n g i n g  from 60 t o  600 rpm. Cooper  and Wol f (38)  
s t u d i e d  t h e  v e l o c i t y  p r o f i l e s  f o r  t h e  t u r b i n e  t y p e  i m p e l l e r s  by us i ng  a 
ho t  w i r e  anemometer  and t h e  t wo-  and t h r e e - d i m e n s i o n a l  p i t o t  t u b e s  in both  
a i r  and w a t e r .  Pumping c a p a c i t i e s  were  t h e n  c a l c u l a t e d  from t h e s e  
v e l o c i t y  d i s t r i b u t i o n s .  Holmes,  e t  a 1 . ( 3 9 )  o b t a i n e d  t h e  v e l o c i t y
d i s t r i b u t i o n s  a r ound  t h e  i m p e l l e r  p l a n e  by meas u r i ng  t h e  r e s p o n s e  t o  a 
p u l s e  o f  i o n i c  t r a c e r  i n j e c t e d  i n t o  t h e  i m p e l l e r  r e g i o n  w i t h  a
c o n d u c t i v i t y  c e l l  a r ound  t h e  i m p e l l e r .  From t h e s e  v e l o c i t y  r e s u l t s  t hey  
e s t i m a t e d  t h e  v o l u m e t r i c  f l ow r a t e  o f  w a t e r  and g l y c e r i n e  i n  t h e  r a d i a l
d i r e c t i o n .  Askew and Beckmann(40)  used an i mpac t  t u b e  which ex t en d e d
t h r o u g h  t h e  wa l l  t o  meas ur e  t h e  v e l o c i t y  component s  a t  t h e  t a n k  w a l l .  
Kudrna ,  e t  a l . ( 4 1 )  c o n c e n t r a t e d  t h e i r  measur ement s  o f  v e l o c i t y  in t h e  
n e i g h b o r h o o d  o f  t h e  t a n k  bot t om by u s i n g  a m o d i f i e d  t h r e e - o p e n i n g  p i t o t  
t u b e  method.
2 . 4  Summary
A co mp r e h e n s i v e  r e v i e w  o f  t h e  p r e v i o u s  works  on t h e  v e l o c i t y  p r o f i l e s  
and r e l a t e d  phenomena o f  t h e  f l u i d  dynami cs  i n  a b a f f l e d  s t i r r e d  v e s s e l  
has  been p r e s e n t e d .  The r e  has  been a s i g n i f i c a n t  amount  o f  e x p e r i me n t a l  
work which h e l p s  t o  q u a l i t a t i v e l y  d e s c r i b e  t h e  f l ow i n  s t i r r e d  t a n k s .  For 
exampl e ,  t h e  i m p e l l e r  s t r e a m  can be d e s c r i b e d  a s  t a n g e n t i a l  j e t .  However,
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t h e r e  have been l i m i t e d  measurement s  o f  t u r b u l e n c e  p a r a m e t e r s  in t h e  
i m p e l l e r  r e g i o n  and t h e  r e s t  o f  t h e  t a n k .  More e x p e r i m e n t s  a r e  needed t o  
i l l u m i n a t e  t h e  t u r b u l e n t  phenomena i n  a mi xing t a n k .
There  have been seven s t u d i e s  on t h e  d e s c r i p t i o n  and p r e d i c t i o n  o f  t h e  
f l ow b e h a v i o r  in t h e  e n t i r e  mi xing t a n k .  Three  o f  them combined 
c l a s s i c a l  f l u i d  dynamics  mode l s .  In t h e s e  t h r e e  s t u d i e s ,  t h e  i m p e l l e r  
s t r e a m was t r e a t e d  as  a t a n g e n t i a l  j e t  and t h e  f l ow i n  t h e  b u l k  o f  t h e  
t a n k  was assumed as  a t w o - d i me n s i o n a l  i r r o t a t i o n a l  f l ow.  However ,  
e x p e r i m e n t a l  measur ement s  have shown t h a t  t h e  a c t u a l  f l ow i n  t h e  b a f f l e d  
mi x ing  v e s s e l s  i s  t h r e e - d i m e n s i o n a l  w i t h  t h e  t h r e e  v e l o c i t y  component s  
b e i n g  o f  t h e  same o r d e r  o f  magn i t ude .  The t a n g e n t i a l  v e l o c i t y  component  
must  n o t  be n e g l e c t e d ,  even t hough  axi symmet ry  i s  assumed,  i . e . ,  a l l  
0- g r a d i e n t s  a r e  n e g l i g i b l e .
The o t h e r  f o u r  s t u d i e s  s o l v e d  t h e  e q u a t i o n s  o f  mot ion and t h e  
t u r b u l e n c e  model  n u m e r i c a l l y .  Using t h e  s t a n d a r d  k- s  t u r b u l e n c e  model ,  
M i d d l e t o n ,  e t  a l . ( 5 ,  C h a p t e r  I )  a p p l i e d  t h e  f i n i t e  domain method t o  o b t a i n  
a t h r e e - d i m e n s i o n a l  s o l u t i o n .  However ,  he d i d  n o t  r e p o r t  t h e  v a l i d a t i o n  
o f  h i s  s o l u t i o n .  Harvey and G r e a v e s ( 6 ) used t h e  same method a s  Mi d d l e t o n ,  
e t  a l .  and P l a t z e r ( I l )  used t h e  s t r e a m f u n t i o n  and v o r t i c i t y
t r a n s f o r m a t i o n s  t o  s o l v e  t h e  t wo - d i me n s i o n a l  N a v i e r - S t o k e s  e q u a t i o n s  wi t h  
t h e  c l a s s i c  k-e  t u r b u l e n c e  model .  T h e i r  r e s u l t s  showed t h a t  t h e  c l a s s i c  
k-e model  i s  n o t  s u i t a b l e  f o r  t h e  t u r b u l e n t  f l ow i n  b a f f l e d  a g i t a t e d  
v e s s e l s .  P l a c e k ,  e l  a 1 . ( 1 2 )  s p l i t  t h e  s t a n d a r d  k - e q u a t i o n  i n t o  two
e q u a t i o n s ,  and t h u s  formed a t h r e e - e q u a t i o n  t u r b u l e n c e  model .  Wi th t h i s  
m o d i f i c a t i o n  t h e y  made t h e i r  t wo - d i me n s i o n a l  s o l u t i o n .  T h e i r
t w o - d i m e n s i o n a l  comput e r  code was b a s e d  on t h e  method o f  s t r e a m f u n c t i o n  
and v o r t i c i t y  t r a n s f o r m a t i o n s .  They d i d  n o t  compare t h e i r  t u r b u l e n c e  
model  w i t h  t h e  c l a s s i c  model used by o t h e r  s t u d i e s .
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The v a l u e s  o f  v e l o c i t y  component s  a t  t h e  i m p e l l e r  t i p  a r e  r e q u i r e d  as  
t h e  boundary  c o n d i t i o n s  f o r  t h e  momentum e q u a t i o n s ,  and we have c a r e f u l l y  
r ev i ewed  t h e  two a n a l y t i c a l  a p p r o c h e s  t o  d e s c r i b e  t h e  f l ow l e a v i n g  t h e  
t u r b i n e  b l a d e s .  These a r e  t h e  t a n g e n t i a l  j e t  model and t r a i l i n g  v o r t e x  
model .  We have d e t e r m i n e d  t h a t  t h e  t a n g e n t i a l  j e t  model i s  t h e  
a p p r o p r i a t e  one t o  c a l c u l a t e  t h e  v e l o c i t y  component s  a t  t h e  i m p e l l e r  t i p .
In summary,  a r e l i a b l e  t h r e e - d i m e n s i o n a l  s i m u l a t i o n  i s  s t i l l  r e q u i r e d  
t o  d e s c r i b e  t h e  f l u i d  dynami cs  phenomena in a mi xing t a n k .  As a 
c o n t r i b u t i o n ,  t h i s  work w i l l  o b t a i n  a s i m u l a t i o n  t o  d e s c r i b e  t h e  
t h r e e - d i m e n s i o n a l  t u r b u l e n t  f l ow in b a f f l e d  s t i r r e d  t a n k s .
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CHAPTER I I I
T u r b u l e n t  T r a n s p o r t  E q u a t i o n s  and S o l u t i o n
3 . 1  I n t r o d u c t i  on
In t h i s  c h a p t e r ,  t h e  e q u a t i o n s  g o v e r n i n g  t h e  t u r b u l e n t  f l u i d  mot ion in 
an a g i t a t e d  v e s s e l  a r e  d e v e l o p e d ,  and t h e i r  numer i ca l  s o l u t i o n  i s  g i v e n .  
A t u r b u l e n c e  model ,  a n e c e s s i t y  f o r  c l o s i n g  t h e  N a v i e r - S t o k e s  e q u a t i o n s ,  
can be r e g a r d e d  as  t h e  c r u x  o f  t h e  d e s c r i p t i o n  o f  t h e  t u r b u l e n t  mot ion in 
a b a f f l e d  mi xing t a n k ,  and t h u s  i s  c e n t r a l  t o  a p r e c i s e  d e s c r i p t i o n  o f  t h e  
f l o w.  The d i s c r e t e  form o f  t h e  g o v e r n i n g  e q u a t i o n s  w i l l  be d e s c r i b e d  in 
d e t a i l ,  and t h e n  a wel l - known s o l u t i o n  p r o c e d u r e  and i t s  r e v i s e d  v e r s i o n  
o f  d e a l i n g  w i t h  t h e  n o n - l i n e a r i t y  o f  t h e  c o n t i n u i t y  e q u a t i o n  and t h e  
p e r t i n e n t  t r a n s p o r t  e q u a t i o n s  w i l l  be d i s c u s s e d .  These  s o l u t i o n  
p r o c e d u r e s  were  ad o p t e d  b e c a u s e  of  t h e i r  f l e x i b i l t y  w i t h  bo t h  t wo-  and 
t h r e e - d i m e n s i o n a l  t r a n s p o r t  e q u a t i o n s ,  e . g .  N a v i e r - S t o k e s  e q u a t i o n s ,  
ene r gy  e q u a t i o n ,  s p e c i e s  c o n t i n u i t y  e q u a t i o n s ,  and e q u a t i o n s  f o r  t u r b u l e n t  
q u a n t i t i e s ;  a l l  o f  which a r e  s i m u l t a n e o u s l y  i n t e r l i n k e d  w i t h  each o t h e r  t o  
c h a r a c t e r i z e  t h e  c o m p l e x i t y  o f  a n o n - r e a c t i n g  o r  r e a c t i n g  f l ow sys t em.  
F i n a l l y ,  t h e  s p e c i a l  boundary  c o n d i t i o n s  f o r  t h e  i m p e l l e r - d r i v e n  f l ows  
w i l l  be d i s c u s s e d  and be w r i t t e n  i n  a p p r o p r i a t e  forms  f o r  n umer i ca l  
s o l u t i o n s .  The m a t e r i a l  p r e s e n t e d  in t h i s  c h a p t e r  formed t h e  b a s i s  o f  a 
comput e r  code which was used t o  o b t a i n  t h e  n umer i ca l  s o l u t i o n  o f  t h e  
t u r b u l e n t  t r a n s p o r t  e q u a t i o n s .
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3 . 2  C o n s e r v a t i o n  E q u a t i o n s  f o r  T u r b u l e n t  Flows
As p o i n t e d  ou t  in t h e  p r e v i o u s  c h a p t e r s ,  t h e  fundament a l  e q u a t i o n s  
d e s c r i b i n g  t h e  f l u i d  dynami cs  i n  a s t i r r e d  t a n k  a r e  t h e  d i f f e r e n t i a l  
e q u a t i o n s  o f  mass and momentum c o n s e r v a t i o n .  These c o n s e r v a t i o n  laws can 
be w r i t t e n  a s :
C o n t i n u i t y :  Dp/Dt  = -p(V»V) ( I . I I - 1 )
Momentum: pDV/Dt = -  VP -  V»t + pg , ( I I I - 2 )
Let  V , VQ, and V be t h e  t h r e e  component s  o f  t h e  v e l o c i t y  v e c t o r  V in r  d z
c y l i n d r i c a l  c o o r d i n a t e s .  The above e q u a t i o n s  can be w r i t t e n  in t h i s  
c o o r d i n a t e  sys t em f o r  an i n c o m p r e s s i b l e  Newtonian f l u i d  as  f o l l o w s ( l ) :
Cont i  n u i t y :
I B  1 &V„ &V,
_ _  (rvr ) + - — 0 + — z -  0 ( I I I  —3 )
r Br r Bo Bz
Momentum:
r - componen t  —
p(otT + Vr 5 T  + F  5T- '  ~  + v2 ” -  gjr
a , B(rV ) . B JV - BV B*V
9-component —
bv„ av v  av v v w  
p ( ° + v  0 + - 1  0 + _£_£ + v \  _ i  apBe r Br r 56 r z pz r 51T
B i B(rv ) . a Jv ,  av a*v
+ ».[§= e - s F 5- )  +   B-  + ± - - *  + -----2.J ( I I I - 5 )
0 r J ao ' r 1 ao BzJ
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z-component  —
( I I 1- 6 )
For  t u r b u l e n t  f l ow,  t h e  i n s t a n t a n e o u s  v e l o c i t y  component s  and p r e s s u r e  can 
be r e p l a c e d  by t h e  sum o f  a t i m e - a v e r a g e d  component  and f l u c t u a t i n g  
component  as  g i ven  below.
V0 = W + w 
Vz = U + u
In e q u a t i o n  ( I I I - 7 ) ,  t h e  c a p i t a l s  in t h e  r i g h t  hand s i d e  r e p r e s e n t  
t i m e - a v e r a g e d  v a l u e s ,  and t h e  smal l  symbols  s t a n d  f o r  t h e  f l u c t u a t i n g  
q u a n t i t i e s  of  t h e  t u r b u l e n t  f l ow.
S u b s t i t u t i n g  t h e  q u a n t i t i e s  o f  e q u a t i o n  ( I I I —7) i n t o  t h e  e q u a t i o n s  of  
mo t i on ,  e q u a t i o n s  ( 111-3)  t o  ( I I 1 - 6 ) ,  and p e r f o r mi n g  t h e  t i m e - a v e r a g i n g  
p r o c e d u r e ( 1 ) ,  t h e  Reynol ds  e q u a t i o n s  o f  mot ion f o r  t h e  s t e a d y  
i n c o m p r e s s i b l e  t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s  become:
P = P + p
Vr  = V + v
1 5(rV) , 1  5W .5U  
+ r 5? + Si' ( I I I - 8 )
1 5(VW) W2 5(UV) 5 ,1 5(rV)
5? r “5r
5v2 , 1 5(vw) w2 , 5(uv) . v 2
~5F + 7 _^e r“ 5z“  r
( 111- 9 )
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5 (vw) i  a<w»)
“5? r “5s
VW , B(WU) a , i  a(rw) 
5r r Sr
+ 2_&v + b»w] _ p[&vw 
r 1 50 az 2 5r
 + 1_ 5(w2) + 2 55  + 5(wu) 




In t h e s e  e q u a t i o n s  t h e  b a r  o v e r  t h e  p r o d u c t  o f  t h e  f l u c t u a t i n g  component s
wu, make t h e s e  e q u a t i o n s  much more c o m p l i c a t e d  t han  e q u a t i o n s  f o r  l a mi n a r
unknowns,  i . e . ,  t h r e e  v e l o c i t y  component s  and p r e s s u r e ;  and i t  i s  s a i d  
t h a t  a c l o s u r e  sys t em i s  formed,  i . e . ,  t h e  same number of  e q u a t i o n s  as 
d e p e n d e n t  v a r i a b l e s .  For  t u r b u l e n t  f l o w,  however ,  t h e  c l o s u r e  problem 
a r i s e s  b e c a u s e  t h e r e  a r e  more d e p e n d e n t  v a r i a b l e s  t han  d i f f e r e n t i a l  
e q u a t i o n s ,  a s  shown i n  e q u a t i o n s  ( I I I - 8 ) t o  ( I I I - l l ) .  A s e p a r a t e  
d e s c r i p t i o n  o f  t h e  t i m e - a v e r a g e d  p r o d u c t s  o f  t h e  t u r b u l e n t  f l u c t u a t i o n  i s  
r e q u i r e d ,  and c l o s u r e  o r  t u r b u l e n c e  model s  a r e  used .  The ma t h ema t i ca l  
e x p r e s s i o n s  f o r  t h e s e  t u r b u l e n t  s t r e s s e s  a r e  t h e  s u b j e c t  o f  n e x t  s e c t i o n .
The t w o - d i me n s i o n a l  form o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  comes from 
assumi ng symmetry a b o u t  t h e  0- c o o r d i n a t e  and i s  an a p p r o x i m a t i o n  i f  t h e  
t u r b i n e  i m p e l l e r  i s  c e n t r a l l y  l o c a t e d  in a c y l i n d r i c a l  v e s s e l .  Thus ,  t h e  
t e r ms  i n v o l v i n g  3/38 and 32/ 3  02 i n  t h e  t h r e e - d i m e n s i o n a l  g o v e r n i n g  
e q u a t i o n s  can be d e l e t e d .  However ,  t h e  t e r ms  i n c l u d i n g  W and w a r e
i n d i c a t e s  t h e  t i m e - a v e r a g e d  q u a n t i t i e s .  Six d e p e n d e n t  v a r i a b l e s  
a s s o c i a t e d  w i t h  t h e  f l u c t u a t i n g  componen t s ,  i . e . ,  u2 , v 2 , w2 , uv,  vw, and
f l ow.  For  l a m i n a r  f l o w,  t h e r e  a r e  f o u r  d i f f e r e n t i a l  e q u a t i o n s  f o r  f o u r
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r e t a i n e d  b e c a u s e  t h e  t a n g e n t i a l  v e l o c i t y  VQ e x i s t s  i n  t h e  a g i t a t e d  v e s s e l .u
The t wo - d i me n s i o n a l  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  t u r b u l e n t  f l ow can be 
w r i t t e n  as  f o l l o w s :
r + 5z -  0 <i n - 12>
_,&<V*) W* , B(UV) , VJ, _ BP .& ,1 B(rV) . &Jv.
p[—5F“ - —  + S T  + — ■1 3F + w[5F(F ~ 5 r ) + ~ 1
, r&(v2) w2 + + v 2-, ( 1 1 1 - 1 3 )
p 1 br r r J
_ ,B(VW) , „ VW B(WU), _ ,B ,1 B(rW) BJW.
pl“o F ~  + 2 ~  + ~H5£"J p[5F(F ~ 5 F -'  + Ozz
,B(UV) UV B(U’ ). 5P,  , 1 3 ,  BU. . B»U.
5r"̂  + ~  + "T5z  ̂ pSz - 5F + p[F 5F(r5F) +
02 *
.,B(uv) , uv , BuJ,
p[~ 5 F “ + F -  + “SF1 (1 1 1 -1 5 )
The t u r b u l e n t  s t r e s s  t e r ms  a p p e a r i n g  i n  t h e  above e q u a t i o n s  w i l l  be 
d e s c r i b e d  w i t h  t u r b u l e n c e  model s  a s  d i s c u s s e d  below.  Al s o ,  f o r  
co n v e n i e n c e  we w i l l  use  t h e  t w o - d i me n s i o n a l  form o f  c o n s e r v a t i o n  e q u a t i o n s  
in t h e  f o l l o w i n g  d i s c u s s i o n .  Then t h e  t h r e e - d i m e n s i o n a l  form o f  t h ei
e q u a t i o n s  w i l l  be g i ven  as  a d i r e c t  e x t e n s i o n  o f  t h e  t wo - d i men s i o n a l  
e q u a t i o n s .
3 . 3  Ma t hema t i ca l  Models o f  Tu r b u l e n c e
When t h e  i n s t a n t a n e o u s  t u r b u l e n t  v e l o c i t y  component s  and p r e s s u r e  a r e  
e x p r e s s e d  as  t h e  sum o f  mean and f l u c t u a t i n g  component s  and t h e  e q u a t i o n s
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o f  mot ion a r e  t i m e - a v e r a g e d ,  we s t a r t  w i t h  f o u r  d e p e n d e n t  v a r i a b l e s  and 
end up w i t h  t e n  t i m e - a v e r a g e d  unknowns (U,  V, W, P,  and s i x  Reynolds  
s t r e s s  co mp o n e n t s ) ,  a s  shown in l a s t  s e c t i o n .  Th i s  i s  p a r t  o f  t h e  c l o s u r e  
problem o f  t u r b u l e n c e .  I f  t h e  t i m e - a v e r a g e d  p r o d u c t s  o f  t h e  t u r b u l e n t  
f l u c t u a t i o n s  a r e  c o n s i d e r e d  s t a t i s t i c a l  c o r r e l a t i o n  f u n c t i o n s ,  t h e  
e q u a t i o n s  o f  c o n t i n u i t y  and mot ion can be m a n i p u l a t e d ( 2 , 3 )  t o  g i v e  a 
t e n s o r - f o r m  e q u a t i o n  i n  t e r ms  o f  a s econd o r  a t h i r d  o r d e r  c o r r e l a t i o n  
f u n c t i o n s ,  i . e . ,  one e q u a t i o n  and two unknowns.  F u r t h e r  m a n i p u l a t i o n s  add 
a n o t h e r  e q u a t i o n  b u t  w i t h  a n o t h e r  h i g h e r  o r d e r  c o r r e l a t i o n .  Th i s  
p r o c e d u r e  can be c o n t i n u e d ,  b u t  t h e  r e s u l t  i s  n e q u a t i o n s  and n+1 
unknowns.  Thus ,  i t  i s  n e c e s s a r y  t o  t u r n  t o  model s  o f  t h e  Reynolds  
s t r e s s e s  a s  one way t o  overcome t h i s  c l o s u r e  probl em.
E a r l y  i n v e s t i g a t o r s  employ B o u s s i n e s q ' s  ( 1877)  s u g g e s t i o n  t o  e x p r e s s  
t h e  t u r b u l e n t  s t r e s s e s  i n  Re y n o l d s - a v e r a g e d  t u r b u l e n t  f l ow w i t h  t h e  same 
form as  t h a t  used  f o r  t h e  l a m i n a r  f l ow.  Ac cor d i ng  t o  B o u s s i n e s q ,  t h e  
t u r b u l e n t  s t r e s s e s  c o u l d  be r e p r e s e n t e d  by t h e  p r o d u c t  o f  t h e  mean- f low 
v e l o c i t y  g r a d i e n t s  and a t u r b u l e n t  v i s c o s i t y ,  y t< Th i s  v i s c o s i t y  i s  no t  a 
p r o p e r t y  o f  t h e  f l u i d  and w i l l  v a r y  w i t h  p o s i t i o n s  i n  t h e  t u r b u l e n t  f l ow.  
Th i s  i s  t h e  s i m p l e s t  way t o  d e s c r i b e  t h e  t u r b u l e n t  s t r e s s e s  in t h e  
e q u a t i o n s  o f  mo t i on .
The c o n c e p t  o f  u s i n g  a t u r b u l e n t  v i s c o s i t y  t o  a c c o u n t  f o r  t h e  
t u r b u l e n c e  e f f e c t s  c o n t i n u e s  t o d a y ,  even t hough t h e  s i mp l e  model o f  
B o u s s i n e s q  was i n a d e q u a t e .  The t a s k  i s  t o  d e t e r m i n e  how t o  e x p r e s s  t h e  
t u r b u l e n t  v i s c o s i t y  i n  t e r m s  o f  known o r  c ompu t ab l e  q u a n t i t i e s  o f  t h e  
f l ow.  D i f f e r e n t  e x p r e s s i o n s  f o r  t h e  t u r b u l e n t  v i s c o s i t y  p r o v i d e d  
d i f f e r e n t  t u r b u l e n c e  mode l s .  Accord i ng  t o  t h e  c l a s s i f i c a t i o n  made by 
Launder  and S p a l d i n g ( 4 ) ,  t u r b u l e n c e  model s  i n  t e r m o f  t h e  t u r b u l e n t  
v i s c o s i t y  can be c a t e g o r i z e d  i n t o  two g r o u p s .  One i s  t h e  a l g e b r a i c  models
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where  t h e  t u r b u l e n t  v i s c o s i t y  i s  o b t a i n e d  by a l g e b r a i c  f o r m u l a s ,  in which 
t h e  o n l y  unknowns i n v o l v e d  a r e  t h e  p r o p e r t i e s  o f  t h e  mean- f l ow v e l o c i t y  
f i e l d .  The o t h e r  i s  t h e  d i f f e r e n t i a l  model s  where t h e  t u r b u l e n t  v i s c o s i t y  
comes f rom t h e  s o l u t i o n  o f  t h e  d i f f e r e n t i a l  e q u a t i o n s  f o r  one o r  more 
p r o p e r t i e s  o f  t h e  t u r b u l e n t  f l ow.  I f  one d i f f e r e n t i a l  e q u a t i o n  i s  t o  be 
s o l v e d  f o r  t h e  t u r b u l e n t  v i s c o s i t y ,  t h e  c l o s u r e  i s  a c c o mp l i s h e d  by a 
o n e - e q u a t i o n  model .  C l o s u r e  model s  c o n s t r u c t e d  f rom two d i f f e r e n t i a l  
e q u a t i o n s  a r e  c a l l e d  t w o - e q u a t i o n  mode l s .
G e n e r a l l y  t h e  t u r b u l e n t  v i s c o s i t y  has  been assumed t o  be  i s o t r o p i c .  In 
an i s o t r o p i c  t u r b u l e n c e  model ,  t h e  s i x  component s  o f  t h e  t u r b u l e n t  
v i s c o s i t y  a r e  e q u a l .  An example  o f  a t w o - e q u a t i o n  i s o t r o p i c  t u b u l e n c e  
model was g i ven  by e q u a t i o n s  ( 1 - 1 , 2 )  in Ch a p t e r  I .  In a n o n i s o t r o p i c  
t u r b u l e n c e  model ,  t h e  v i s c o s i t y  may have s i x  d i f f e r e n t  component s .  
L i l l e y ,  e t  a l . ( 5 - 8 )  d e v e l o p e d  a k-kL t w o - e q u a t i o n  n o n i s o t r o p i c  t u r b u l e n c e  
model f o r  t h e  f r e e  s w i r l i n g  j e t .
In t h i s  s t u d y ,  one i s o t r o p i c  and one n o n i s o t r o p i c  k-e t wo - e q u a t i o n  
model i s  used t o  d e s c r i b e  t h e  t u r b u l e n t  f l ow in t u r b i n e - a g i t a t e d  v e s s e l s .  
The c o n s e r v a t i o n  e q u a t i o n s  a s s o c i a t e d  w i t h  t h e s e  two d i f f e r e n t  c l o s u r e  
model s  a r e  p r e s e n t e d  in t h e  s u b s e q u e n t  s u b s e c t i o n s .
3 . 3 . 1  I s o t r o p i c  Model
The t u r b u l e n t  e q u a t i o n s  o f  mot ion  can be p u t  in a form c o n t a i n i n g  t h e  
t u r b u l e n t  v i s c o s i t y  by r e p l a c i n g  t h e  Reynol ds  s t r e s s  t e r ms  w i t h  t h e  
p r o d u c t  o f  t h e  t i m e - a v e r a g e d  v e l o c i t y  g r a d i e n t s  and t h e  t u r b u l e n t  
v i s c o s i t y .  For  a x i s y m m e t r i c  t wo - d i me n s i o n a l  f l ow i n  an a g i t a t e d  v e s s e l ,  
e q u a t i o n s  ( I I 1 - 1 3 )  t o  ( I I I - 1 5 )  become:
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( I I 1—16)
[ i  ^ ( r JVW) + §£<rWU) -  |  5f(rwef£ ^ T >  + f e (wef  
( 1 1 1 - 1 7 )
p [i IpCrUV) + ^(U *)] -  i  gp (rpe££ $g) + gj(ve ff  - | §  + 
( 111 - 18 )
where t h e  e f f e c t i v e  v i s c o s i t y  i s  t h e  sum o f  t h e  m o l e c u l a r  and t u r b u l e n t  
v i s c o s i t i e s  and i s  g i ven  by:
The e f f e c t i v e  v i s c o s i t y  i s  a f u n c t i o n  o f  p o s i t i o n  in t h e  f l o w f i e l d
and i s  no t  a c o n s t a n t ,  so f u r t h u r  s i m p l i c a t i o n  o f  e q u a t i o n s  i s  no t  
p o s s i b l e .
Accord i ng  t o  Launder  and S p a l d i n g ( 9 ) ,  t h e  s t a n d a r d  k-e t w o - e q u a t i o n  
model i s  c o n s i d e r e d  t o  be more a c c u r a t e  t han  m i x i n g - l e n g t h  model s  and 
o n e - e q u a t i o n  mode l s .  In t h e  k-e model ,  t h e  t u r b u l e n t  v i s c o s i t y  i s  
d e t e r m i n e d  from t h e  s o l u t i o n s  t o  t h e  t r a n s p o r t  d i f f e r e n t i a l  e q u a t i o n s  f o r  
t h e  t u r b u l e n c e  k i n e t i c  e n e r g y ,  k ,  and i t s  d i s s i p a t i o n  r a t e ,  e .  These two 
t u r b u l e n c e  p a r a m e t e r s  a r e  d e f i n e d  as  f o l l o w s ( l O ) :
( I I I —19)
k = J j (u2+v2+w2) = JjU..2 ( I l l —20)
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<5ul 5ul 5u7
T h i s  model has  been a p p l i e d  t o  t h e  t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s  
( 5 ,  C h a p t e r  I ;  6 , 11,  12,  C h a p t e r  I I )  a s  we l l  a s  in o t h e r  
f l o w f i e l d s ( 9 , 1 1 - 1 9 ) .  The t w o - d i me n s i o n a l  form o f  t h i s  k-e model in
c y l i n d r i c a l  c o o r d i n a t e  i s :
p l ? 5 r < r * >  + 5z<uk> “ F 5 F (r^ f  5F> + + G " pE ( 1 1 1 - 2 2 )
p f ? 5 r < rVe) "  F  5 r < * ^  5F> + + ^ C16 - C2pc> 0 * 1 - 2 3 )
c  c
where t h e  g e n e r a t i o n  t e rm G i s
G -  wt ( 2 [ ( ^ ) *  + + (^ > ’ ] + (r& % & )*  + (g£>* + ( g  + g ) M  ( 1 1 1 - 2 4 )
The t u r b u l e n t  v i s c o s i t y  y i s  d e f i n e d  by t h e  f o l l o w i n g  e q u a t i o n ( 9 ) .
y + = C pk2/ e  ( 1 1 1 - 2 5 )
t  y
The c o n s e r v a t i o n  e q u a t i o n  f o r  t u r b u l e n c e  k i n e t i c  ene r gy  i s  o b t a i n e d  by 
m u l t i p l y i n g  each  component  o f  t h e  momentum e q u a t i o n s  by t h e  f l u c t u a t i n g  
v e l o c i t y  component  i n  t h a t  c o o r d i n a t e  d i r e c t i o n ,  t i m e - a v e r a g i n g  t h e  t h r e e  
e q u a t i o n s  and t hen  ad d i n g  them t o g e t h e r  t o  g i v e  e q u a t i o n  ( 1 1 1 - 2 2 )  ( 4 ) .  
The c o n s e r v a t i o n  e q u a t i o n  f o r  t h e  en e r g y  d i s s i p a t i o n  r a t e  i s  o b t a i n e d  by 
d i f f e r e n t i a t i n g  t h e  e q u a t i o n s  of  mot i on  f o r  u^ w i t h  r e s p e c t  t o  x. . ,
m u l t i p l y i n g  t h r o u g h  by 2 v 3 u . / 9 x .  and t h e n  r e a r r a n g i n g  t o  g i v e  e q u a t i o n
■ J
( 111-23)  ( 3 ) .
Launder  and S p a l d i n g ( 4 )  recommend t h e  f o l l o w i n g  v a l u e s  f o r  t h e
c o e f f i c i e n t s  a p p e a r i n g  i n  t h e  s t a n d a r d  k-e  model ,  i . e . ,  e q u a t i o n s
( 1 1 1 - 2 2 , 2 3 , 2 4 , 2 5 ) :
o k = 1 .0  ( 1 1 1 - 2 6 )
79
o = 1 . 3
E
C = 0 . 9 ,  C, = 1 . 4 4 ,  C9 = 1 . 9 2  
Vi 1 2
( 1 1 1 - 2 7 )  
( I I I - 28 )
A c t u a l l y ,  t h e  above s e t  o f  c o e f f i c i e n t s  i s  s u b j e c t  t o  change  f o r  
v a r i o u s  t u r b u l e n t  f l o ws .  For  exampl e ,  Harvey and G r a v e s ( 6 , C h a p t e r  I I )  
used = 0 . 9 ,  o £ = 0 . 9 ,  and = 1 . 43  in t h e i r  k - E  model f o r  t h e  f l ow in 
a g i t a t e d  v e s s e l s .  Al s o ,  S o n i n ( 2 0 )  c a l i b r a t e d  t h e  k - E  model p a r a m e t e r  
u s i n g  d a t a  from t h e  e x p e r i m e n t s  on t h e  s t e a d y  d i f f u s i o n  o f  t u r b u l e n c e  made 
by Thompson and T u r n e r ( 2 1 )  and H o p f i n g e r  and T o l y ( 2 2 ) .  He used t h e  v a l u e s  
g i v e n  i n  e q u a t i o n s  ( I I 1 -27 )  and ( I I 1-28)  and o b t a i n e d  = 0 . 87  w i t h  t h e  
d a t a  from Thompson and T u r n e r ( 2 1 )  and = 0 . 7 4  w i t h  t h e  d a t a  from 
Ho p f i n g e r  and T o l y ( 2 2 ) .  Both t h e s e  numbers a r e  l ower  t h a n  t h e  v a l u e  of  
1 . 0  which has  been w i d e l y  u s e d ( 9 , 1 1 - 1 9 ) .  The v a l u e  o f  a d o p t e d  in t h i s  
s t u d y  i s  t h e  a v e r a g e  o f  t h o s e  t h r e e  v a l u e s ,  i . e . ,
The r e a s o n  f o r  u s i n g  t h e  a v e r a g e  i s  t h a t  i n v e s t i g a t o r s  ( 9 , 1 1 - 1 9 , 2 3 , 2 4 )
r e p o r t e d  t h a t  p r e d i c t i o n s  u s i n g  t h e  k - E  model w i t h  = 1 . 0  gave some
d e v i a t i o n  from t h e  e x p e r i m e n t a l  out comes  and co u l d  n o t  a d e q u a t e l y  r e f l e c t  
t h e  t u r b u l e n c e  b e h a v i o r  f o r  some s i t u a t i o n s ,  e s p e c i a l l y  in t h e  wake
r e g i o n ( 2 5 , 2 6 ) .
The s t a n d a r d  k - E  model has  d i f f i c u l t y  d e s c r i b i n g  t h e  t u r b u l e n c e  
phenomena i n  t h e  r e g i o n  where  v i s c o u s  e f f e c t s  a r e  s i g n i f i c a n t ,  e . g .  n e a r  
t h e  w a l l .  C o n s e q u e n t l y ,  s e v e r a l  a u t h o r s  have s o u g h t  t o  d e v i s e  a mo d i f i e d  
model  which i s  v a l i d  t h r o u g h o u t  t h e  f u l l y  d e v e l o p e d  t u r b u l e n t ,  t r a n s i t i o n ,  
and l a m i n a r  r e g i o n s .  An example  i s  one p r o p o s e d  by J o n e s  and
L a u n d e r ( 2 3 , 2 4 )  who e x t e n d e d  t h e  s t a n d a r d  k - E  model t o  l ow-Reynol ds -number  
f l ows  by i n c l u d i n g  t h e  v i s c o u s  d i f f u s i o n  o f  k  and e  and by e x p r e s s i n g  some
o k = ( 1 . 0  + 0 . 8 7  + 0 . 7 4 ) / 3  = 0 . 87 ( I I 1—29)
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c o e f f i c i e n t s  in t e r ms  o f  t h e  Reynolds  number o f  t u r b u l e n c e .  T h e i r
where and De r e p r e s e n t  t h e  v i s c o u s  d i f f u s i o n  o f  t h e  t u r b u l e n c e  ene rgy  
and d i s s i p a t i o n  r a t e ,  r e s p e c t i v e l y ,  and t h e i r  ma t h e ma t i c a l  e x p r e s s i o n s  can 
be found in r e f e r e n c e s  ( 2 3 , 2 4 ) .
Launder  and S p a l d i n g ( 9 )  recommend t h e  f o l l o w i n g  c o e f f i c i e n t s  t o  be used 
w i t h  e q u a t i o n s  ( 1 1 1 - 3 0 )  and ( I I I —31) .
i n f o r m a t i o n  from f r e e  s h e a r  f l ows  t o  t h e  f o l l o w i n g  form:
C = 0 . 0 9  exp [ - 3 . 4 / ( 1 + R . / 5 0 ) 2]
V t
U n f o r t u n a t e l y ,  t h e  i n t r o d u c t i o n  o f  a d d i t i o n a l  t e r m s ,  and D£ , i n  t h e
C o n s e q u e n t l y ,  Lam and B r e mh o r s t ( 2 8 )  d i d  no t  use  and D£ in e q u a t i o n s
mo d i f i e d  t u r b u l e n c e  en e r g y  e q u a t i o n  and i t s  d i s s i p a t i o n  r a t e  e q u a t i o n  can 
be w r i t t e n  t o  s a t i s f y  t h e  whole f l ow r e g i o n  as  f o l l o w s :
( 1 1 1 - 3 1 )
= 0 . 09  exp [ - 2 . 5 / ( l + R t / 5 0 ) ]  
Cj = 1 . 44
C2 = 1 . 92 [ 1 . 0  -  0 . 3  ex p ( - R t 2 ) ]
( 1 1 1 - 3 2 )
where t h e  t u r b u l e n t  Reynol ds  number R^ i s  d e f i n e d  by:
Rt  = p k V p e ( I I 1-33)
The c o e f f i c i e n t  was m o d i f i e d  by Launder  and Sharma(27)  by i n c l u d i n g
t r a n s p o r t  e q u a t i o n s  o f  k and £ l e d  t o  more c o mp u t a t i o n a l  t i me .
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( I I 1-31)  and ( I I 1 - 3 2 ) ,  b u t  t h e y  r e - e x p r e s s e d  c o e f f i c i e n t s  C^,  and as  
f u n c t i o n s  of  t h e  t u r b u l e n t  Reynol ds  number t o  a c c o u n t  f o r  t h e  v i s c o u s  
e f f e c t s .  They used t h e  f o l l o w i n g  e q u a t i o n s :
in which y i s  t h e  d i s t a n c e  from t h e  w a l l ,  
w
The a f o r e m e n t i o n e d  m o d i f i e d  k~£ model i s  u n s u i t a b l e  f o r  s w i r l i n g  
f l o w s ( 9 , 1 2 , 1 2 , 2 9 ) ,  and f u r t h e r  m o d i f i c a t i o n  i s  d e s i r a b l e .  In s w i r l i n g  
f l ow t h e  mean v e l o c i t y  has  a r o t a t i o n a l  component .  By add i ng  one more 
t e r m,  (e /kJCgC Ri t p e , t o  t h e  r i g h t  hand s i d e  o f  e q u a t i o n  ( 1 1 1 - 2 3 )  f o r  e ,  
Launder ,  e t  a 1 . ( 3 0 )  and Sharma(31)  added t h e  r o t a t i o n a l  e f f e c t  on 
t u r b u l e n c e  t o  t h e  k - e  model .  The r e s u l t i n g  e q u a t i o n  f o r  e  i s :
where t h e  t u r b u l e n t  R i c h a r d s o n  number ,  used by Launder ,  e t  a l . ( 3 0 )  t o  
a c c o u n t  f o r  t h e  e f f e c t s  o f  t h e  c u r v a t u r e  and r o t a t i o n ,  i s  d e f i n e d  by:
= 0 . 0 9  ( 1 + 2 0 . 5/Rt ) [ 1 -  e x p ( - 0 . 0 1 6 5 R k ) ] 2 ( I I I - 3 4 )
C2 = 1 . 44  [ l + (  0 . 0 5 / ( 0 ^ 7 0 . 0 9 )  ) 3] ( 1 1 1 - 3 5 )
C2 = 1 . 92  [ 1 . 0  -  e x p ( - R t 2) ] ( I I I —36)
where R^ i s  a n o t h e r  t u r b u l e n t  Reynolds  number which i s  g i ven  by:
( I 11-37)
C
+ -{C jG  -  C2 (1 -  Cc R it )p e ) ( 111-38)
R, _ k2 W 9 (tW) 
t  e2 r 2 9r ( I I I —39)
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Accord i ng  t o  Launder ,  e t  a l . ( 3 0 ) ,  t h e  c o e f f i c i e n t  Cc was found t o  va r y  
from z e r o  t o  0 . 5 ,  and t h e  opt imum v a l u e  was r e p o r t e d  t o  be:
Cc = 0 . 2  ( I I 1—40)
We see  in e q u a t i o n  ( I I 1 -39 )  t h a t  Ri^ i s  n e g a t i v e  when t h e  a n g u l a r  
momentum o f  t h e  mean f l o w d e c r e a s e s  w i t h  r a d i u s ,  and t h e  new t e r m in 
e q u a t i o n  ( I I 1-38)  w i l l  d e c r e a s e  t h e  e n e r g y  d i s s i p a t i o n  r a t e  and w i l l  t h u s  
i n c r e a s e  t h e  t u r b u l e n c e  k i n e t i c  e n e r g y .  Al s o ,  t h e  t u r b u l e n t  v i s c o s i t y  
w i l l  become l a r g e r  a c c o r d i n g  t o  e q u a t i o n  ( 1 1 1 - 2 5 ) .  L i k e wi s e ,  a p o s i t i v e  
v a l u e  o f  Ri^ w i l l  d i m i n i s h  t h e  t u r b u l e n t  v i s c o s i t y .  As a r e s u l t ,  s w i r l i n g  
e f f e c t  on t h e  t u r b u l e n c e  i s  i n c o r p o r a t e d  in t h e  t e rm w i t h  t h e  t u r b u l e n t  
Ri cha rds on  number in t h e  e - e q u a t i o n ,  and t h i s  c a u s e s  a change  i n  t h e  
t u r b u l e n t  v i s c o s i t y .  When t h e  t u r b u l e n t  Ri cha r ds on  number i s  equa l  t o  
z e r o ,  e q u a t i o n  ( I I I - 3 8 )  r e d u c e s  t o  e q u a t i o n  ( I I I - 2 3 ) .
The mo d i f i e d  i s o t r o p i c  k-e model f o r  s w i r l i n g  f l o w s ,  composed of  
e q u a t i o n s  ( I I 1-22)  and ( I I 1-38)  where v a r i a b l e s  and c o e f f i c i e n t s  a r e  
e x p r e s s e d  i n  e q u a t i o n s  ( 1 1 1 - 1 9 , 2 4 , 2 5 , 2 7 , 2 9 , 3 3 - 3 7 , 3 9 , 4 0 ) ,  w i l l  be u s ed  as  
one o f  t h e  t u r b u l e n c e  model s  i n  t h i s  work.  In t h i s  m o d i f i e d  model ,  an 
i s o t r o p i c  eddy v i s c o s i t y  i s  s t i l l  assumed,  and t h e  m o d i f i c a t i o n  i s
a c c o mp l i s h e d  by c o n s i d e r i n g  t h e  s w i r l i n g  e f f e c t s .
However,  t h e  i s o t r o p i c  k-e model d i s c u s s e d  above w i l l  n o t  be 
s a t i s f a c t o r y  when a p p l i e d  t o  t wo - d i me n s i o n a l  a x i s y mme t r i c  f l ow i n  a g i t a t e d  
v e s s e l s ,  b ec aus e  t h e  i m p o r t a n t  b a f f l i n g  e f f e c t s  a r e  n o t  i n c l u d e d .  The
b a f f l e s  c o n v e r t  t h e  t a n g e n t i a l  f l ow t o  t h e  a x i a l  and r a d i a l  f l ow p a t t e r n
a s  p o i n t e d  o u t  i n  C h a p t e r  I .  To a c c o u n t  f o r  t h e  b a f f l i n g  e f f e c t s ,  Harvey 
and G r e a v e s ( 6 , Ch a p t e r  I I )  added a d r ag  t e rm i n  t h e  momentum e q u a t i o n  f o r  
t h e  a n g u l a r  v e l o c i t y  W. The d r a g  t e r m,  - C ^ p W V r ,  was a p p l i e d  t o  t h e  
e n t i r e  r e g i o n  o f  t h e  t a n k .  Based on t h e i r  i d e a ,  a more e l a b o r a t e  d r ag
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t e r m i s  p r opos ed  h e r e  f o r  t h e  t w o - d i me n s i o n a l  s i m u l a t i o n  of  t h e  t u r b u l e n t  
f l ow in a g i t a t e d  v e s s e l s .  The a n g u l a r  momentum e q u a t i o n  ( 1 1 1 - 1 7 )  become:
P [ ~  - L ( t-»vW) + T-frWU) ~ ^  ( ru  x  & b(rW ).r S P r vw; + S P ™ '  r Mef£ 5 r^  + 5 z (*ie f f - SF')
- | f e < » e £ f " >  + D r  ' ( 1 1 1 - 4 1 )
where  Dr> t h e  dr ag  t e rm t o  a c c o u n t  f o r  t h e  b a f f l i n g  e f f e c t s ,  i s  g i v en  by
Dr  = -C0 r j  n pW2 i n J*e t  zone ( I I I - 4 2 a )
Dr  = ~CDrb p ( rW) 2/ ^ D I 2y w( r xw)"?] in b u l k  r e g i o n  ( 111-42b)
where y i s  t h e  d i s t a n c e  from t h e  t a n k  w a l l ,  x i s  t h e  d i s t a n c e  from t h e  
w w
t a n k  bot tom o r  l i q u i d  s u r f a c e  d epe nd i ng  on t h e  l o c a t i o n  o f  i n t e r e s t  b e i ng  
in  t h e  l ower  o r  upper  h a l f  o f  t h e  t a n k ,  and N i s  t h e  i m p e l l e r  speed .  The 
two d r a g  c o e f f i c i e n t s ,  a r e  two c o n s t a n t s  which need t o  be
d e t e r m i n e d  e x p e r i m e n t a l l y .  The i m p e l l e r  speed and d i a m e t e r  a r e  i n c l u d e d  
in t h e  d r ag  t e rms  b e c a u s e  t h e  f l ow in a g i t a t e d  v e s s e l s  i s  c r e a t e d  by 
r o t a t i n g  i m p e l l e r s .  D i f f e r e n t  s i z e s  and speeds  o f  t h e  i m p e l l e r  s hou l d  
have d i f f e r e n t  d r a g s  ca u s e d  by b a f f l e s .  The c l o s e r  t o  t h e  t a n k  wa l l  t h e  
b i g g e r  t h e  d r a g  on t h e  t a n g e n t i a l  f l ow becomes,  and t h u s  y w i s  p l a c e d  in 
t h e  d e n o mi n a t o r  o f  e q u a t i o n  ( I I I - 4 2 b ) . For  t h e  s i m i l a r  r e a s o n ,  x a l s o  
a p p e a r s  in t h e  d e n o m i n a t o r .
The j e t  zone f o r  e q u a t i o n  ( I I I —4 2 a ) i s  d e f i n e d  a s :
xw > ! ? ( H r Hb ) ( I I I —43a)
where  i s  t h e  h e i g h t  o f  t h e  f l u i d  i n  t h e  t a n k ,  and i s  t h e  w i d t h  of  
t h e  b l a d e s  o f  t h e  i m p e l l e r .  The r e ma i n i n g  r e g i o n  i n  t h e  t a n k  i s  t h e  b u l k  
o r  r e c i r c u l a t i o n  r e g i o n ,  i . e . ,
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xw < ( 111—43b)
Using t h e  c o n t i n u i t y  e q u a t i o n  ( 1 1 1 - 1 2 ) ,  t h e  r a d i a l  and a x i a l  momentum 
e q u a t i o n s  ( 1 1 1 - 1 6 , 1 8 ) ,  t h e  a n g u l a r  momentum e q u a t i o n  ( I 11-41)  which 
a c c o u n t s  f o r  t h e  b a f f l i n g  e f f e c t s ,  and t h e  m o d i f i e d  k-£ model f o r  
r o t a t i o n a l  f l o w,  i . e . ,  e q u a t i o n  ( 1 1 1 - 2 2 , 3 8 ) ,  we have a c l o s e d  s e t  o f  
g o v e r n i n g  e q u a t i o n s  f o r  t h e  t u r b u l e n t  f l ow in t h e  i m p e l l e r - d r i v e n  b a f f l e d  
r e a c t o r  t a n k s .  In t h i s  t wo - d i me n s i o n a l  i s o t r o p i c  model ,  t h e  a s s u mp t i o n  o f  
t h e  i s o t r o p i c  v i s c o s i t y  i s  a p p l i e d  t o  t h e  e n t i r e  r e g i o n  o f  t h e  t a n k .
3 . 3 . 2  N o n i s o t r o p i c  Model
In t h e  n o n i s o t r o p i c  t u r b u l e n c e  model ,  t h e  v i s c o s i t y  may have s i x
d i f f e r e n t  component s  c o r r e s p o n d i n g  t o  t h e  s i x  Reynol ds  s t r e s s e s .  With
t h i s  n o n i s o t r o p i c  c o n c e p t  o f  t h e  exchange  c o e f f i c i e n t s  ( 5 - 8 , 3 2 - 3 6 ) ,  t h e  
e q u a t i o n s  o f  mot ion  f o r  t h e  t wo - d i me n s i o n a l  a x i s y m m e t r i c  f l ow a r e  w r i t t e n  
i n  t h e  f o l l o w i n g  form:
. r 1 & 4. & / in n i  .  1 a  , r i BV. . a  , BV. BP W*
p[r 5?(rV > + 5z( } ] 7 5F(ryrr 3F} + 5?(yrz <5̂  '  57 + p7"
“ 2pee^7 + 7 57(ryrr 57} + 57(yrz 57} (111-44)
p ( i f e < r n « )  - f  ( I H - 4 5 )
( I I 1—46)
n r2, ^ / r TBF\ j. & /»? % i _ i  & f . b # bUi ,
r 57(rUV) + 57(U 7 57 (ryrz 57} + 5 i(yzz 57> " 5? + p«z
. 1 & . , BV. . B , &U,
+ 7 57(ryrz 57> + 57(yzz 5z>
The k-e model becomes:
" £ & > * >  + + -  . .  ( 1 1 1 - 4 7 )
where t h e  g e n e r a t i o n  te rm  in  t h e  n o n i s o t r o p i c  k-e model i s  g iven  by:
The model c o e f f i c i e n t s  such as  and in e q u a t i o n s  ( I I I —47)  and 
( I I I  —48)  a r e  t h e  same as  t h o s e  o f  i s o t r o p i c  k-e model .  When t h e  s i x
component s  o f  t h e  v i s c o s i t y  a r e  e q u a l ,  t h e  n o n i s o t r o p i c  t u r b u l e n c e  model 
r e d u c e s  t o  t h e  i s o t r o p i c  t u r b u l e n c e  model .
L i l l e y ,  e t  a 1 . ( 5 - 8 , 3 4 )  and S c h e t z ( 3 5 )  s u g g e s t e d  u s i n g  one o f  t h e  s i x  
component s  as  t h e  e f f e c t i v e  v i s c o s i t y ,  e . g .  The e f f e c t i v e  v i s c o s i t y
y r z  in t h i s  n o n i s o t r o p i c  model  i s  t h e  same as  in t h e  i s o t r o p i c  model ,
Then o t h e r  v i s c o s i t y  component s  a r e  o b t a i n e d  by u s i n g  e q u a t i o n  ( I I I —50)
■&<W/r)
5r
( I I 1-49)
( I I 1-50)
and t h e  s o - c a l l e d  v i s c o s i t y  r a t i o s ,  o . . ,  which a p p e a r  in t h e  de n o mi n a t o r
* J
o f  t h e  r i g h t  hand s i d e  in t h e  f o l l o w i n g  e q u a t i o n s :
8 6
The v a l u e s  f o r  t h e s e  v i s c o s i t y  r a t i o s  a r e  f l o w - d e p e n d e n t .  L i l l e y ,  e t  
a l . ( 5 - 8 , 3 4 )  s t u d i e d  t h e  f r e e  s w i r l i n g  j e t  and e x p r e s s e d  t h e  v i s c o s i t y  
r a t i o s  as  f u n c t i o n  o f  t h e  l o c a l  s w i r l i n g  number.  The i d e a  of  t h e  l o c a l  
s w i r l i n g  number o f  a f r e e  s w i r l i n g  j e t  i s  a p p l i e d  t o  our  n o n i s o t r o p i c  
model ,  and we may e x p r e s s  t h e  v i s c o s i t y  r a t i o s  a s :
o . . = a . . + b . . S  1/3  ( 1 1 1 - 5 2 )i j  i j  i j  r  v ’
where  a . ,  and b.  . a r e  c o e f f i c i e n t s ;  and S , t h e  l o c a l  s w i r l i n g  number f o r
' J  ' J  •
t h e  t a n g e n t i a l  j e t  f rom i m p e l l e r ,  i s  d e f i n e d  by:
Sr  = ( l O / DI ) ( G0/ Gr )(JsDI / r ) 3 ( 1 1 1 - 5 3 )
In t h e  above e q u a t i o n ,  i s  t h e  c o n s t a n t  r a d i a l  f l u x  o f  r a d i a l  
momentum, G0 i s  t h e  r a d i a l  f l u x  o f  a n g u l a r  momentum, and Dj i s  t h e  
d i a m e t e r  o f  t h e  i m p e l l e r .  G^ and G0 a r e  d e f i n e d  by:
Gr  = ' j e t  pV2rdz ( I I 1—54)
G0 = / j e t  PVWr2dz ' ( I I I —55)
where  i n t e g r a l  l i m i t  " j e t "  means t h e  i n t e g r a l s  a r e  pe r f o r med  f o r  t h e  j e t  
zone ,  d e f i n e d  by e q u a t i o n  ( I I I - 4 3 a ) .
In t h i s  s t u d y ,  t h e  f o l l o w i n g  v a l u e s  f o r  t h e  v i s c o s i t y  r a t i o s  a r e  used 
i n  t h e  j e t  zone:
Or0  = 1 + 2Sr 1 /3  ( 1 1 1 - 5 6 )
V ^ r r ^ e e ^ z ^ 0 -7 <m - 5 7 >
The number 0 . 7  in t h e  above e q u a t i o n  was recommended by Li 11e y ( 34)  f o r  t h e  
f r e e  s w i r l i n g  j e t  and i s  a d o p t e d  h e r e  f o r  t h e  t a n g e n t i a l  j e t .
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In t h e  b u l k  r e g i o n ,  which i s  d e f i n e d  by e q u a t i o n  ( I I I - 4 3 b ) ,  t h e  
v i s c o s i t y  r a t i o s  a r e  g i ven  by:
o Q = o Q = o  = o aQ = o  = 1 . 0  ( I I I - 58)r 6 0z r r  98 zz '
The above e q u a t i o n  means t h a t  t h e  i s o t r o p i c  v i s c o s i t y  i s  assumed f o r  t h e
t u r b u l e n t  f l ow in t h e  r e c i r c u l a t i o n  r e g i o n  o f  a g i t a t e d  v e s s e l s .
Using t h e  c l o s e d  s e t  o f  e q u a t i o n s  ( 1 1 1 - 1 2 , 4 4 - 4 8 ) ,  we can d e s c r i b e  t h e  
t u r b u l e n t  f l ow in t h e  s t i r r e d  t a n k s  w i t h o u t  t h e  i s o t r o p i c  a s s u mp t i o n  f o r  
t h e  t u r b u l e n t  v i s c o s i t y .  The v a r i a b l e s  and c o e f f i c i e n t s  i n  t h i s  
n o n i s o t r o p i c  model a r e  g i ven  by e q u a t i o n s  ( 1 1 1 - 2 5 , 2 7 , 2 9 , 3 3 - 3 7 , 3 9 , 4 0 ,  
4 9 - 5 1 , 5 3 - 5 8 ) .  In t h i s  n o n i s o t r o p i c  model we do n o t  need t h e  d r ag  t e rm in 
t h e  a n g u l a r  momentum e q u a t i o n  t o  a c c o u n t  f o r  t h e  b a f f l i n g  e f f e c t s .  Th i s  
i s  b ec aus e  t h e  v e r t i c a l  f l ow c o n v e r t e d  from t h e  r o t a t i n g  f l ow by t h e
b a f f l e s  can be viewed as  t h e  e x t e n s i o n  o f  t h e  j e t  s t r e a m pumped from t h e
i m p e l l e r .  Thus ,  bo t h  s w i r l i n g  and b a f f l i n g  e f f e c t s  a r e  c o n s i d e r e d  in t h e  
n o n i s o t r o p i c  k-e model t h r o u g h  d i f f e r e n t  component s  o f  t h e  v i s c o s i t y  in 
t h e  j e t  zone .
3 . 4  Genera l  Form o f  t h e  Governing Eq u a t i o n s
In t h e  p r e v i o u s  s e c t i o n s ,  we have d e v e l o p e d  t h e  c o n s e r v a t i o n  e q u a t i o n s  
f o r  t h e  t wo - d i me n s i o n a l  a x i s y m m e t r i c a l  f l ow i n  an a g i t a t e d  v e s s e l .  These 
i n c l u d e  t h e  c o n t i n u i t y  e q u a t i o n ,  momentum e q u a t i o n s ,  and t u r b u l e n c e  
c l o s u r e  e q u a t i o n s .  They can be p u t  in a g e n e r a l  form as :
» ' ?  + f e < W J  "  7  f e w ,  + s ,  ( 1 1 1 - 5 9 )
where  <t> r e p r e s e n t s  t h e  d e p e n d e n t  v a r i a b l e  o r  p r o p e r t y ,  r ,  i s  t h e  e f f e c t i v e  
v i s c o s i t y  o r  d i f f u s i v e  t r a n s p o r t  c o e f f i c i e n t  c o r r e s p o n d i n g  t o  t h e
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d e p e n d e n t  v a r i a b l e ,  and i s  t h e  s o u r c e  t e rm f o r  t h e  g e n e r a t i o n  of  t h e
p r o p e r t y  a s s o c i a t e d  w i t h  t h e  d e p e n d e n t  v a r i a b l e .  The v a l u e s  f o r  0 , and
S a r e  l i s t e d  in Tab l e  I I I -1 f o r  t h e  m o d i f i e d  i s o t r o p i c  model and in Tab l e  
0
I I I - 2  f o r  t h e  n o n i s o t r o p i c  model .  The boundary  c o n d i t i o n s  f o r  t h e s e  
e q u a t i o n s  a r e  g i ven  in t h e  n e x t  s e c t i o n ,  and t h e n  we w i l l  embark on t h e  
f o r m u l a t i o n  o f  t h e  d i s c r e t i z a t i o n  e q u a t i o n  o f  t h e  g e n e r a l  e q u a t i o n  
( 1 1 1 - 5 9 )  t o  o b t a i n  t h e  n umer i c a l  s o l u t i o n .
3 . 5  Boundary C o n d i t i o n s  f o r  t h e  T r a n s p o r t  E q u a t i o n s
There  a r e  t h r e e  k i n d s  o f  boundar y  c o n d i t i o n s .  The f i r s t  k i n d ,  a l s o  
c a l l e d  D i r i c h l e t - t y p e ,  s p e c i f i e s  v a l u e s  o f  v a r i a b l e s  on t h e  boundar y .  The 
second k i n d ,  Neumann- t ype , s p e c i f i e s  t h e  f l u x  o f  v a r i a b l e s .  The t h i r d  
k i nd  o r  R o b i n - t y p e  a r e  mixed boundar y  c o n d i t i o n s  o f  t h e  f i r s t  two k i nds  
where an e q u a t i o n  r e l a t e s  t h e  v a l u e  o f  t h e  v a r i a b l e  and i t s  f l u x  ( o r  
g r a d i e n t )  on t h e  boundar y .
For  t h e  a g i t a t e d  v e s s e l  w i t h  a c e n t r a l l y  l o c a t e d  i m p e l l e r ,  t h e  boundary  
c o n d i t i o n s  o f  t h e  g o v e r n i n g  e q u a t i o n s  f o r  t h e  f l u i d  dynamics  a r e  e i t h e r  
D i r i c h l e t  o r  Neumann t y p e .  In F i g u r e  I I I —I t h e s e  boundary  c o n d i t i o n s  a r e  
shown on a d i ag r a m f o r  t h e  f l ow in t h e  v e s s e l .
At  t h e  t o p  o f  t h e  l i q u i d ,  t h e  s h e a r  s t r e s s  be tween t h e  a i r  and l i q u i d  
i s  s u f f i c i e n t l y  smal l  t o  have t h e  v e l o c i t y  g r a d i e n t s  w i t h  r e s p e c t  t o  z be 
z e r o .  Al s o ,  t h e  o t h e r  z - d i r e c t i o n  g r a d i e n t s ,  i . e . ,  k and z a r e  assumed 
z e r o .  In a d d i t i o n ,  t h e  a x i a l  v e l o c i t y  i s  z e r o  s i n c e  t h e r e  i s  no f l ow 
a c r o s s  t h e  i n t e r f a c e .
At  t h e  f a c e s  o f  s t a t i o n a r y  s o l i d s ,  such as  t h e  t a n k  w a l l ,  t a n k  bo t t om,  
and b a f f l e s ,  t h e  no s l i p  c o n d i t i o n s  a p p l y .  Thus ,  t h r e e  v e l o c i t y  
component s  a r e  equal  t o  z e r o  t h e r e .  Al s o ,  v e l o c i t y  f l u c t u a t i o n s  must
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Tab l e  I I I - 1 .  Two-Dimensional  Axi symmet r i c  Govern i ng  E q u a t i o n s  w i t h  
t h e  I s o t r o p i c  Mode l .
C o n s e r v a t i o n  of <t> r * - S*
Mass 1 0 0
Axi a l  momentum U y e f f ■ + pEz
+ ?  f e ^ e f f  + fe (Pe f f  g )
Radi a l  momentum V v e f f 6p , ,  V c5r pr  e f f^7
+ F  ^ e f f  |Y,  + ^ - (Ueff g ,
An g u l a r  momentum rW ^ e f f 2 5" F  S F ^ e f f ^  + D r
T u r b u l e n c e
k i n e t i c  ene r gy
k •,c f f / o k G -  pc
Energy d i s s i p a t i o n  
r a t e
z V f  /oe -  (^(1 -  CcRlt )pc)
where G = vc <2 [<5p>1 + ( | )» + < ^ ) i ]  + + ( ^ ) *  + + W ) z }
Dr  = “ CQr j  NpW2 i n j e t  zone
Dr  = " CDrb PC>"W)2/ [NDI 2yw(rXy^)"3] in b u l k  r e g i o n
Tab l e  I I I - 2 .  Two-Dimensional  Axi symmet r i c  Governing E q u a t i o n s  wi t h  
t h e  N o n i s o t r o p i c  Model .
C o n s e r v a t i o n  of 0 % S*
Mass 1 0 0
Axi a l  momentum U
wrz " H  + p*z
+ F  g )  + g >
Rad i a l  momentum V ’V z “ I f  + PF -  -  2^ e e ~
+ F  I r ^ r r  5F> + g >
An g u l a r  momentum rW *Vz " 1  S r ^ r o ^
T u r b u l e n c e
k i n e t i c  ene r gy
k »Vz/ o k Gnon “ pc
Energy d i s s i p a t i o n  
r a t e
E y r z / 0 E on - V 1 -  Cc Rit )pe)
where  G = ?r,i + .. A i  a ,. f$y>n + „ / r &(W rK ,  .non 1 r r l5 r '  T ye e V  "zz'Sz' 1 + vr 9 (rT r  '  +  ’' t z f e '
= 0
T ank Wall
o  e x c e p t  U  = 0a r  V = 0
\ V = i 7 T r N .
S h a f t
u  u
B l a d e
except 
U.V.W from
t a n g e n t i a l  
jet model
T Y U T
- 8± = o
e x c e p t
U . Wcxc c p t
\ V = 0
Fi g u r e  I I I - l .  Boundary c o n d i t i o n s  f o r  f l ow in an a g i t a t e d  v e s s e l .
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v a n i s h  a t  s t a t i o n a r y  r i g i d  s u r f a c e s ,  and b o t h  k and e a r e  equa l  t o  z e r o  
t h e r e .  These  boundary  c o n d i t i o n s  a l s o  ap p l y  f o r  t h e  i n t e r i o r  o f  t h e  
r o t a t i n g  s o l i d s ,  such as  t h e  s h a f t  o f  t h e  i m p e l l e r .
At  t h e  s u r f a c e  o f  t h e  s h a f t ,  t h e  a x i a l  and r a d i a l  v e l o c i t i e s  a r e  z e r o
w h i l e  t h e  a n g u l a r  v e l o c i t y  i s  assumed t o  be t h e  s u r f a c e  v e l o c i t y  o f  t h e  
s h a f t .  The r e  i s  no f l u x  a c r o s s  t h e  s h a f t ,  and t h e  g r a d i e n t s  o f  o t h e r  
v a r i a b l e s  a r e  z e r o .  At  t h e  c e n t e r l i n e  o f  t h e  t a n k ,  t h e  r a d i a l  and a n g u l a r  
v e l o c i t y  component s  a r e  z e r o .  B e s i d e s ,  a l l  r - d i r e c t i o n  g r a d i e n t s  a r e  z e r o  
b e c a u s e  o f  symmetry a l ong  t h e  c e n t e r l i n e  o f  t h e  t a n k .
As d i s c u s s e d  in Ch a p t e r  I I ,  t h e  i m p e l l e r  r e g i o n  i s  a c c u r a t e l y  d e s c r i b e d  
as  a t a n g e n t i a l  j e t .  The e q u a t i o n s  f o r  t h e  v e l o c i t y  component s  i n  t h e  j e t  
s t r e a m,  i . e . ,  e q u a t i o n s  ( 1 1 - 6 , 7 , 8 ) ,  a r e  used a s  boundar y  c o n d i t i o n s  a t  t h e  
i m p e l l e r  t i p .  As f o r  t h e  o t h e r  v a r i a b l e s  such a s  k and e , t h e i r  g r a d i e n t s
w i t h  r e s p e c t  t o  r  a t  t h e  b l a d e  t i p  a r e  t a k e n  a s  z e r o  f o r  t h e  boundar y
c o n d i t i o n s  t h e r e .
For  t h e  t o p  and bot t om f a c e s  o f  t h e  r o t a t i n g  b l a d e s ,  t h e  g r a d i e n t s  w i t h  
r e s p e c t  t o  z o f  a l l  v a r i a b l e s  e x c e p t  a x i a l  and t a n g e n t i a l  v e l o c i t y  
component s  a r e  assumed t o  be z e r o .  The boundar y  c o n d i t i o n s  o f  a x i a l  
v e l o c i t y  t h e r e  i s  o b t a i n e d  f rom t h e  m a t e r i a l  b a l a n c e  o v e r  t h e  b l a d e - s w e p t  
r e g i o n ,  which i s  p e r f o r med  i n  Appendix A. The t a n g e n t i a l  v e l o c i t y  i n  t h i s  
r e g i o n  i s  o b t a i n e d  b a s e d  on t h e  a s s u mp t i o n  o f  t h e  s o l i d ( r o t a t i o n  f o r  t h e  
i m p e l l e r .  E x p r e s s i o n s  f o r  b o t h  v e l o c i t y  component s  w i l l  be p r e s e n t e d  in 
S e c t i o n  3 . 9  Boundary C o n d i t i o n s  i n  Numer ical  R e p r e s e n t a t i o n s .
3 . 6  Two-Dimens ional  F i n i t e  Domain F o r mu l a t i o n
The g e n e r a l  d i f f e r e n t i a l  e q u a t i o n s  ( I I 1-59)  f o r  t h e  f l u i d  dynami cs  in 
a g i t a t e d  v e s s e l s  has  been d e r i v e d .  In t h i s  s e c t i o n  t h e  n u mer i c a l  s o l u t i o n
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o f  t h e s e  e q u a t i o n s  w i l l  be d e s c r i b e d .  There  a r e  a number o f  methods  f o r  
t h e  numer i ca l  s o l u t i o n  p r o c e d u r e ,  and t h e  most  famous one may be t h e  
T a y l o r - s e r i e s  f o r m u l a t i o n  o f  f i n i t e - d i f f e r e n c e  e q u a t i o n s .  U n f o r t u n a t e l y ,  
t h i s  method o f  f o r m u l a t i o n  i s  d i f f i c u l t  t o  ap p l y  i n  t h e  t h r e e - d i m e n s i o n a l  
c y l i n d r i c a l  c o o r d i n a t e  sys t em when v a r i a b l e  s pac i n g  i s  h i g h l y  d e s i r a b l e .  
The v a r i a t i o n a l  f o r m u l a t i o n  i s  a n o t h e r  method which i s  w i d e l y  employed in 
f i n i t e - e l e m e n t  methods  f o r  t h e  probl ems  o f  s t r e s s  a n a l y s i s .  However ,  a 
v a r i a t i o n a l  p r i n c i p l e  f o r  t h e  s t e a d y - s t a t e  N a v i e r - S t o k e s  e q u a t i o n s  does  
n o t  e x i s t  a c c o r d i n g  t o  F i n l a y s o n ( 3 7 )  which e l i m i n a t e s  t h e  v a r i a t i o n a l  
f o r m u l a t i o n .  The f i n i t e  domain method,  which i s  e a s y  and f l e x i b l e  t o  be 
a p p l i e d  in bo t h  t wo-  and t h r e e - d i m e n s i o n a l  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s ,  
i s  a d o p t e d  h e r e  t o  d e v e l o p  t h e  d i s c r e t i z a t i o n  e q u a t i o n s  f o r  t h e  n umer i ca l  
s o l u t i o n .  In t h i s  method,  t h e  whole c a l c u l a t i o n  domain i s  d i v i d e d  i n t o  
f i n i t e  subdomains ,  and t h e  d i f f e r e n t i a l  e q u a t i o n s  a r e  i n t e g r a t e d  o v e r  each 
o f  them.  Thus ,  i n t e g r a l  e q u a t i o n s  a r e  o b t a i n e d  f o r  a l l  f i n i t e  domains  or  
c o n t r o l  volumes .  P r o f i l e s  ( o r  b a s i s  f u n c t i o n s  i n  t h e  f i n i t e - e l e m e n t  
j a r g o n )  e x p r e s s  how a p r o p e r t y  0 v a r i e s  between t h e  g r i d  p o i n t s  and a r e  
used t o  e v a l u a t e  t h e  i n t e g r a l s .  T h i s  l e a d s  t o  t h e  d i s c r e t i z e d  form o f  t h e  
g e n e r a l  d i f f e r e n t i a l  e q u a t i o n s .
3 . 6 . 1  Genera l  D e r i v a t i o n
P r o c e e d i n g  a s  d e s c r i b e d  above t o  o b t a i n  t h e  d i s c r e t i z a t i o n  e q u a t i o n ,  
e q u a t i o n  ( I I 1—59)  i s  m u l t i p l i e d  by r  and i n t e g r a t e d  w i t h  r e s p e c t  t o  r  and 
z o v e r  t h e  f i n i t e  domain which i n c l u d e s  w t o  e on r  and b t o  t  on z as  
shown in F i g u r e  I I I - 2 .  The r e s u l t  i s  g i ven  below.
EEeeWW ww
Fi g u r e  I I 1-2 .  L o c a t i o n s  o f  t h e  g r i d  p o i n t s  and c o n t r o l  f a c e s  
in a f i n i t e  domain scheme.
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p/b -C | f (rV*)drdz + PJw ■'b 5^(u+)d2rdr “ -C 5 r (rr* 5 r)drdz
+ -C 'b  f e (r* M )dzrdr + 4  7b S* ( I I 1-60)
The symbols  w, e ,  b ,  and t  r e p r e s e n t  t h e  s u r f a c e s  o f  t h e  f i n i t e  domain on 
t h e  w e s t ,  e a s t ,  bo t t om,  and t op  s i d e s ,  r e s p e c t i v e l y .  The l o c a t i o n s  o f  
t h e s e  c o n t r o l  s u r f a c e s  and g r i d  p o i n t s  a r e  shown in F i g u r e  111- 2 ,  where 
symbol P s t a n d s  f o r  t h e  g r i d  p o i n t  b e i ng  c o n s i d e r e d ,  and c a p i t a l s  W, E, B, 
and T r e p r e s e n t  t h e  f o u r  n e i g h b o r i n g  g r i d  p o i n t s  in t h e  r a d i a l  and a x i a l  
d i r e c t i o n .  Al l  g r i d  p o i n t s  a r e  l o c a t e d  a t  t h e  g e o m e t r i c a l  c e n t e r s  o f  t h e  
subdomai n ,  bu t  t h e  c o n t r o l  volume d i me n s i o n s  o r  subdomains  a r e  not  
n e c e s s a r i l y  u n i f o r m.  The s p a c i n g s  c o r r e s p o n d i n g  t o  t h e  f i n i t e  domain 
scheme can v a r y  and a r e  g i ven  in F i g u r e  111- 3 .  The use  o f  non- u n i f o r m 
g r i d  scheme i s  d e s i r a b l e  f o r  t h o s e  r e g i o n s  c l o s e  t o  t h e  i m p e l l e r ,  t a n k  
wa l l  and b a f f l e s  where more g r i d  p o i n t s  a r e  needed s i n c e  g r a d i e n t s  in t h e  
f l ow a r e  l a r g e r  in t h e s e  r e g i o n s .
Assuming a p i e c e w i s e  l i n e a r  p r o f i l e  e q u a t i o n  ( I I 1-60)  can be i n t e g r a t e d  
t o  g i v e :
p[(rV*)e -  <rV*)w] fiz + p[<U*)t  -  (U*)bl (—  \  S  i r  -
l(r% SF>e- (rr« &>*> lz + tlr* H>t - <% H>b> <
( I I I —61)
and r e a r r a n g i n g  t h e  above e q u a t i o n  g i v e s
Up(rV)e *e -  <rr+ §£>e ] -  [p(rV)w*w -  (rr+ | i > wJ> Az
r  + r 
-  S (---- 2——) ArAz " 0 ( 1 1 1 - 6 2 )
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C o n t  r o l  
F a c e
C o n t r o l  
Vo I u m e
b + -b -
C o  n t r o l  
F a c e
C o n t r o l  
Vo 1 u m e
A 7.
b
F i g u r e  I I 1-3 S p a c i n g s  c o r r e s p o n d i n g  t o  t h e  f i n i t e  domain 
scheme i n  F i g u r e  I I I - 2 .
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Those e q u a t i o n s  a r e  n o n - l i n e a r  and c o u p l e d .  Thus ,  an i t e r a t i o n  scheme 
i s  n e c e s s a r y ,  and t h i s  w i l l  r e q u i r e  an i n i t i a l  e s t i m a t e  o f  t h e  d e p e n d e n t
v a r i a b l e s  and a p r o c e d u r e  t o  i t e r a t i v e l y  move t o  a conve rged  s o l u t i o n  of
e q u a t i o n  ( 1 1 1 - 6 2 ) .  T h i s  p r o c e d u r e  w i l l  c o n s i d e r  t h a t  t h e  v e l o c i t y  
component s  and s o u r c e  t e r m a r e  known, and t h a t  0 i s  t h e  on l y  v a r i a b l e  in 
e q u a t i o n  (1 1 1 -6 2 ) .  The t a s k  i s  t o  r e l a t e  0 and t h e  p a r t i a l  d e r i v a t i v e s  of
0 on c o n t r o l  s u r f a c e s  t o  0 a t  t h e  g r i d  p o i n t s  such t h a t  t h e  d i s c r e t i z e d
form can be a c h i e v e d .  In o t h e r  words ,  t h e  e x p r e s s i o n s  in t h e  two b r a c e s  
in e q u a t i o n  ( 1 1 1 - 6 2 )  s h o u l d  be s u b s t i t u t e d  by t h e  f o l l o w i n g  e q u a t i o n s :
' “V c  -  <r ,  -  i » V b  -  c *  & V  ■
(pUt +P + Ar<0p -  0T) ] - [pl^+p + Ag(0B -  0p)J ( I I 1—63)
I»<riVe - (rr, | l ) e) - tp W V , - (rr# !*)„) -
,pr . V p  + AE « p  -  *E>] -  I « „ V p  + V * U  -  ( 1 1 1 - 6 4 )
A f t e r  t h e  s u b s t i t u t i o n ,  e q u a t i o n  ( 1 1 1 - 6 2 )  become:
[preVe -  prwVw)Az + <pUt  - Pi y  (— 2 " )Ar]*P + [ V * P  " *E}
r + r
-  V *W  - 0p) ]Az + [ApUp -  0T) -  Ab (0b -  0p) ] ( — 2 - -)Ar
-  s +< e~2 ' " lArAz °  0 ( I I I - 6 5 )
In t h i s  e q u a t i o n  a l l  0 ' s  a r e  a t  t h e  g r i d  p o i n t s ,  and t h e  c o e f f i c i e n t s  Ay, 
Ag, Ag, and A^ needs  t o  be d e t e r m i n e d .
The c e n t r a l  d i f f e r e n c e  and upwind scheme were  t h e  two common methods  
d e v e l o p e d  f o r  t h i s  p u r p o s e .  However ,  t h e y  have s t a b i l i t y  and a c c u r a c y  
prob l ems  f o r  t h e  s o l u t i o n  o f  c o n v e c t i o n - d i f f u s i o n  p rob l ems .  The h y b r i d  
scheme,  d e v e l o p e d  by S p a l d i n g ( 3 8 ) ,  combined t h e  b e t t e r  f e a t u r e s  o f  t h e  two
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p r e v i o u s  o n es .  I t  i s  t h e  same as  t h e  c e n t r a l  d i f f e r e n c e  scheme f o r  P e c l e t  
numbers ,  t h e  r a t i o  o f  c o n v e c t i v e  t r a n s p o r t  t o  d i f f u s i v e  f l u x ,  in t h e  r ange  
-2  < Np < 2 where  t h e  d i f f u s i o n  e f f e c t  i s  d o mi nan t ;  and o u t s i d e  t h i s  r ange  
where  c o n v e c t i o n  i s  domi nan t  i t  i s  t h e  upwind scheme.  Because  t h e  h y b r i d  
scheme can be used t o  s o l v e  b o t h  h i g h -  and l ow-Reynol ds -number  p r ob l ems ,  
i t  i s  w i d e l y  a p p l i e d  t o  n umer i ca l  t r a n s p o r t  s t u d i e s .
However ,  t h e  e x p o n e n t i a l  scheme p r opos ed  and employed by R a i t h y  and 
T o r r a n c e ( 3 9 )  i s  s u p e r i o r  t o  t h e  h y b r i d  scheme.  I t  i s  b a s e d  on t h e  
e x p o n e n t i a l  s o l u t i o n  o f  t h e  o n e - d i me n s i o n a l  c o n v e c t i o n - d i f f u s i o n  p rob l ems .  
T h i s  scheme i s  n o t  w i d e l y  used be c a u s e  e x p o n e n t i a l s  a r e  ve r y  e x p e n s i v e  t o  
comput e ,  and i t  i s  n o t  e x a c t  f o r  t wo-  and t h r e e - d i m e n s i o n a l  c a s e s  where 
s o u r c e s  e x i s t .  A good a p p r o x i m a t i o n  t o  t h e  e x p o n e n t i a l  scheme i s  
p r e f e r r e d ,  and t h e  e x p o n e n t i a l  scheme has  become a c r i t e r i o n  f o r  
compar i son  a c c o r d i n g  t o  P a t a n k a r ( 4 0 ) . I t  has  been shown t h a t  t h e  c e n t r a l  
d i f f e r e n c e  scheme d e v i a t e s  w i d e l y  from t h e  e x p o n e n t i a l  scheme when t h e  
P e c l e t  number becomes l a r g e ,  t h e  upwind scheme d e v i a t e s  when t h e  P e c l e t  
number i s  smal l  and t h e  h y b r i d  scheme i s  a good t h r e e - r a n g e  a p p r o x i ma t i o n  
t o  t h e  e x p o n e n t i a l  scheme.  The h y b r i d  scheme has  been s a i d  t o  g i v e  
p h y s i c a l l y  r e a l i s t i c  s o l u t i o n s  f o r  r e l a t i v e l y  c o a r s e  g r i d s ( 4 0 ) .  For  a
v a l u e  o f  t h e  P e c l e t  number o f  ±2,  t h e  i n t e r s e c t i o n s  between t h e  t h r e e  
r a n g e s ,  t h e r e  i s  l a r g e  d e v i a t i o n  f rom t h e  e x p o n e n t i a l  scheme.  To r e duce  
t h e  d e p a r t u r e ,  P a t a n k a r ( 4 0 )  s u g g e s t e d  u s i ng  t h e  power - l aw scheme,  which i s  
a f o u r - r a n g e  a p p r o x i m a t i o n  t o  t h e  e x p o n e n t i a l  scheme.  The power - l aw 
e x p r e s s i o n  f o r  Ay i n  e q u a t i o n  ( I I 1-65)  can be w r i t t e n  a s :
AT “  ~pUt f o r  Npt <-10 ( I I I - 66a )
at  “  < V Szt ) ( l t 0 -1NPt) ' -  pUt f o r  -lOSNp <0 ( I I I —66b )
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At  = ( r 0 t / 6z t ) ( l - O . l N p t ) 5 f o r  0<Np t <10 ( I I I - 66c)
A-p = 0 f o r  10<Np t  ( I I I - 66d )
L i k e wi s e ,  Ag i n  t h e  power - l aw scheme can be e x p r e s s e d  a s :
Ag = 0 f o r  Npb<—10 ( I I I - 6 7 a )
AB = ( r 0b/ 6z b ) ( l + O . l N pb) s f o r  -10<Npb<0 ( I I I - 6 7 b )
AB = ( r 0b/ 6z b ) ( 1_O- 1NPb)5 + pUb f o r  0sNPb- 10 ( I H - 6 7 C )
Ag = PUb f o r  10<Npb ( I I I - 6 7 d )
In e q u a t i o n s  ( I I 1-66)  and ( I I 1-67)  t h e  P e c l e t  numbers a t  t h e  t o p  f a c e ,
Np t , and a t  t h e  bo t t om f a c e ,  Npb> a r e  d e f i n e d  by:
Npt  = < V 5z t >  ( n i ' 6 8 a >
NPb = PV  < V Szb> ( I I I - 68b)
where d i s t a n c e s  and 6z b a r e  shown i n  F i g u r e  I I I - 3 .
E q u a t i o n s  ( I I 1-66)  and ( I I 1-67)  can be r e w r i t t e n  in t h e  f o l l o w i n g
compact  form:
AT = ( V S z t ) [ 0 , ( l - 0 . 1 | N p t l ) ' ] m>x * [0,-pUt ] MX ( I I I- 69)
AB = ( r , b / 6 z b ) [ ° ' < 1- ° - 1 l NP b ' ) S]max + [PUb - ° ^ a x  t 111' 7 0 '
where  t h e  symbol [ x ^ ,  ><2] max r e p r e s e n t s  t h e  g r e a t e r  o f  x^ and Xg, and i s  
e q u i v a l e n t  t o  A MAX l ( x ( l ) , x ( 2 ) )  i n  a FORTRAN program.  S i m i l a r l y ,  Ag and A^ 
i n  e q u a t i o n  ( I 11-65)  a r e  g i v e n  by:
AE = < V 5re)[0-(1-0-1" W )']max * t111' 71'
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\  = ( V 5r v ) [ 0 ’< 1- 0 - 1 |NPv-l ) ' ] ™ax + C - V ^ m a *  • ( I I I ' 72)
The P e c l e t  numbers on t h e  e a s t -  and w e s t - s i d e  f a c e s  a r e  d e f i n e d  a s :
Npe = PVe/  ( r <#ie/ 6 r e ) ( I I I " 7 3 a )
NPw = » V  < V S r w> ( I U ' 73b)
where s p a c i n g s  6 r g and 6 r a r e  shown in F i g u r e  I I 1-3.
The v a l u e s  o f  T,  a r e  known on l y  a t  t h e  g r i d  p o i n t s ,  and t h o s e  v a l u e s  of
<p
t h e  T ' s  a t  t h e  c o n t r o l  s u r f a c e s  i n  e q u a t i o n s  ( I I 1-68)  t o  ( 1 1 1 - 7 0 )  and
<P
(1 1 1 -7 1 )  t o  ( I I 1 -73 )  have  t o  be s u i t a b l y  e x p r e s s e d  in t e r ms  o f  g r i d - p o i n t  
T ' s .  Re f e r i n g  F i g u r e  111—3 c o n s i d e r  t h a t  t h e  c o n t r o l  volume sur r ound i ng
t he  g r i d  p o i n t  P i s  composed o f  a m a t e r i a l  o f  un i fo rm T^p,  and t h e  one
ar ound  p o i n t  E i s  composed o f  u n i f o r m T ^ .  Thus ,  f rom t h e  b a l a n c e  of
d i f f u s i v e  f l u x  t h r o u g h  t h i s  " c o mp o s i t e  s l a b "  we can have
r -  fr e (1 ~ f e } r e f e . -1 ( 111-74)
♦e rPr*P rEr^E
where f  = 6r  J fir . S i m i l a r l y  in t h e  z - d i r e c t i o n ,  we have e e+ e
r  O H - 7 5 )
♦c %P +T
where f  = 6z , / 6z . L i k e wi s e ,  we can have t h e  s i m i l a r  e x p r e s s i o n s  f o ru 6*̂ 6
%w and r *b-
Eq u a t i o n  ( 111-65)  can be p u t  i n  a more c o n v e n i e n t  form u s i ng  t he  
c o n t i n u i t y  e q u a t i o n .  I f  t h e  c o n t i n u i t y  e q u a t i o n  ( 1 1 1 - 1 2 )  i s  m u l t i p l i e d  by 
r ,  and i n t e g r a t e d  w i t h  r e s p e c t  t o  r  and z o v e r  t h e  c o n t r o l  volume in 
F i g u r e  I I I - 2 ,  t h e  d i s c r e t e  form o f  t h e  c o n t i n u i t y  e q u a t i o n  i s  as  f o l l o w s :
(111- 76)
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Using e q u a t i o n  ( 1 1 1 - 7 6 )  t o  e l i m i n a t e  t h e  e x p r e s s i o n s  in t h e  f i r s t  b r a c k e t  
in e q u a t i o n  ( I I I - 6 5 )  and r e a r r a n g i n g  g i v e s  t h e  l i n e a r  form o f  t h e  
d i s c r e t i z a t i o n  e q u a t i o n  f o r  a t  t h e  p o i n t  P in t e r ms  o f  a t  f o u r  
n e i g h b o r i n g  p o i n t s  T,  B, E, and W.
Equa t i on  ( I I 1-77)  t e l l s  us  how <t>p,  t h e  v a r i a b l e  on t h e  c e n t r a l  g r i d  p o i n t ,  
i s  a f f e c t e d  by i t s  f o u r  n e i g h b o r i n g  <t>1 s t h r o u g h  t h e  f o u r  c o r r e s p o n d i n g  
c o e f f i c i e n t s  which i n c l u d e  t h e  e f f e c t s  o f  d i f f u s i o n  and c o n v e c t i o n .  These 
n e i g h b o r i n g - p o i n t  c o e f f i c i e n t s  must  have t h e  same s i g n  a s  t h e  c o e f f i c i e n t  
o f  t h e  c e n t r a l  g r i d  p o i n t .  The r e a s o n  i s  a n e g a t i v e  c o e f f i c i e n t  would 
c a u s e  a d e c r e a s e  i n  t h e  p r o p e r t y  a t  P from an i n c r e a s e  in t h e  p r o p e r t y  a t  
a n e i g h b o r i n g  p o i n t ,  whi ch i s  p h y s i c a l l y  i m p o s s i b l e .  The i n  e q u a t i o n  
( I I 1-77)  i n c l u d e s  a s o u r c e  t e r m as  shown in e q u a t i o n  ( I I I - 7 8 f ) ,  and 
from Tab l e  111 -1 and 111-2 we see  t h a t  i t  i s  o f t e n  a n o n - l i n e a r  f u n c t i o n  
o f  t h e  d e p e n d e n t  v a r i a b l e  <f> i t s e l f .  Co n s e q u e n t l y ,  i t  i s  n e c e s s a r y  t o
( I I I - 77 )
where
( I I I - 7 8 a )
( I I  I - 7 8 b )
Cc = Ac r  Az E E e ( I I I - 7 8 c )
C,, = A, ,r Az W W w
( I I I - 7 8 d )
( I I I - 7 S e )
( I I I - 7 8 f )
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l i n e a r i z e  t h i s  t e rm as f o l l o w s  t o  co mp l e t e  a s e t  o f  l i n e a r  a l g e b r a i c  
e q u a t i  o n s .
+ V p ( n W 9 )
A f t e r  t h i s  l i n e a r i z a t i o n  o f  t h e  s o u r c e  t e r m,  e q u a t i o n  ( I I I —77) r e t a i n s  t h e
same form.  The c o e f f i c i e n t s  a s s o c i a t e d  w i t h  t h e  n e i g h b o r i n g  p o i n t s  t o  t h e
c e n t r a l  p o i n t  have no changes  from e q u a t i o n s  ( 111—78 a - d ) ,  b u t  t he  
c o e f f i c i e n t s  f o r  t h e  g r i d  p o i n t  and t h e  s o u r c e  t e rm have t o  be r e w r i t t e n  
as  f o l l o w s :
°P '  c r  + °B + °E * V  -  ( I I I - 7 8 g )
<m - 7 8h>
Note t h a t  S ^ i n e q u a t i o n  ( I I I - 7 8 g ) must  be n e g a t i v e  such t h a t  a l l  t h e  
c o e f f i c i e n t s  f o r  t h e  g r i d  p o i n t s  a r e  o f  t h e  same s i gn  as  we d i s c u s s e d  
p r e v i o u s l y .
The v a l u e s  o f  t h e  v e l o c i t y  component s  in t h e  a x i a l  and r a d i a l  d i r e c t i o n  
a r e  needed f o r  t h e  i t e r a t i v e  s o l u t i o n  o f  e q u a t i o n  ( I I I —7 7 ) .  These 
v e l o c i t i e s  a r e  l o c a t e d  i n  t h e  s u r f a c e s  o f  f i n i t e  domain ab o u t  P as  shown 
i n  F i g u r e  111- 2 .  Thus ,  a s t a g g e r e d  g r i d  f o r  t h e  v e l o c i t y  component s  i s  
u s ed  as  shown i n  F i g u r e s  111- 4  and 111—5 f o r  Û . and V , and t h i s  appr oach  
was f i r s t  employed by Har low and Welch(41)  i n  t h e i r  M a r k e r - a n d - C e l 1 Method 
and has  become a v e r y  common c o n s t r u c t i o n .  Simply r e p l a c i n g  $ w i t h  Ut  in 
t h e  g e n e r a l  l i n e a r  a l g e b r a i c  e q u a t i o n  ( I I 1-77)  and chang i ng  t h e  s u b s c r i p t s  
a s s o c i a t e d  w i t h  t h e  s t a g g e r e d  f i n i t e  domain i n  F i g u r e  I I I - 4 ,  we can o b t a i n  
t h e  d i s c r e t i z a t i o n  e q u a t i o n  f o r  t h e  z - component  o f  t h e  momentum e q u a t i o n s  





F i g u r e  I I I —4.  F i n i t e  domain f o r  t h e  v e l o c i t y  in t h e  z - d i r e c t i o n .
104
ee
F i g u r e  I I I - 5 .  F i n i t e  domain f o r  t h e  v e l o c i t y  in t h e  r - d i r e c t i o n .
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CcUt  -  ECnbUnb + %  + <PP -  PT)(^ T ^  Ar)t  ( 1 1 1 - 8 0 )
S i m i l a r l y ,  t h e  d i s c r e t i z a t i o n  e q u a t i o n  f o r  t h e  r a d i a l  momentum e q u a t i o n  i s  
g i ven  by:
C V = LC , V , + Cc . + ( P D- P r ) ( r  Az)a ( I I 1-81)e e nb nb S<t> v P E/v e ' e
The symbol Z r e p r e s e n t s  t h e  summat ion,  and t h e  s u b s c r i p t  nb in t h e s e  two 
e q u a t i o n s  s t a n d s  f o r  n e i g h b o r s  which a r e  p o i n t e d  o u t  by a r rows  i n  F i g u r e s  
111-4 and 111- 5 .  For a t wo - d i me n s i o n a l  problem t h e  number o f  n e i g h b o r
t e rms  i s  f o u r .  Al l  t h e  c o e f f i c i e n t s  in t h e  above two e q u a t i o n s  have t h e
same e x p r e s s i o n s  t o  e q u a t i o n s  ( I I I - 7 8  a - d , g - h ) .  Here t h e  p r e s s u r e  t e rms  
have been s e p e r a t e d  f rom t h e  s o u r c e  t e rms  in e q u a t i o n s  ( I I I - 8 0 )  and 
( I I I —8 1) .  In t h e  s u b s e q u e n t  s e c t i o n ,  t h i s  p r o c e d u r e  w i l l  be a p p l i e d  t o  
o b t a i n  t h e  d i s c r e t i z e d  a n g u l a r  momentum e q u a t i o n  i n  t h e  t h r e e - d i m e n s i o n a l  
f l o w f i e l d .  In t w o - d i me n s i o n a l  c a s e s ,  g e n e r a l  d i s c r e t i z a t i o n  e q u a t i o n  
( I I 1-77)  can be a p p l i e d  w i t h o u t  chang i ng  s u b s c r i p t s  s i n c e  no s t a g g e r e d  
g r i d  f o r  a n g u l a r  v e l o c i t y  i s  needed f o r  t wo - d i me n s i o n a l  a x i s y m m e t r i c  f l ow.
The d i s c r e t i z e d  momentum e q u a t i o n s  ( I I 1-80)  and ( 1 1 1 - 8 1 )  r e q u i r e  a 
known p r e s s u r e  f i e l d .  The p r e s s u r e  f i e l d  i s  one o f  t h e  v a r i a b l e s  and must  
be e s t i m a t e d  f o r  t h e  s o l u t i o n  o f  v e l o c i t y  f i e l d .  The d i s c r e t i z e d
c o n t i n u i t y  e q u a t i o n  ( I I 1—76) i s  used  as  a conve r genc e  c r i t e r i o n  t o  have
t h e  c o r r e c t  v e l o c i t y  f i e l d  be g e n e r a t e d  w i t h  e q u a t i o n s  ( I I I - 8 0 )  and 
( I I 1 - 8 1 ) .  In t wo - d i me n s i o n a l  c a s e s  t h e  p r e s s u r e  f i e l d  can be e l i m i n a t e d  
by c r o s s - d i f f e r e n t i a t i n g  t h e  r a d i a l  and a x i a l  momentum e q u a t i o n s .  T h i s  
method i s  known as  s t r e a m f u n c t i o n  and v o r t i c i t y  t r a n s f o r m a t i o n s  and i s  
o n l y  a p p l i c a b l e  t o  t wo - d i me n s i o n a l  f l o ws .  However t h e  t u r b u l e n t  f l ow i n  a 
m e c h a n i c a l l y  a g i t a t e d  v e s s e l  i s  t h r e e - d i m e n s i o n a l ,  we t h e n  have t o  use  a
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method which c o n v e r g e s  t h e  p r e s s u r e  f i e l d  a l ong  w i t h  t h e  v e l o c i t y  
f i e l d ( 4 0 , 4 2 ) .  Th i s  i s  d i s c u s s e d  i n  t h e  n e x t  s u b s e c t i o n .
3 . 6 . 2  The P r e s s u r e  E q u a t i o n :
To d e r i v e  an e q u a t i o n  r e p r e s e n t i n g  t h e  p r e s s u r e  f i e l d ,  we s t a r t  wi t h  
t h e  momentum e q u a t i o n  i n  t h e  form o f  e q u a t i o n s  ( I I I —80)  and ( 1 1 1 - 8 1 ) .  
These  e q u a t i o n s  can be r e w r i t t e n  as  f o l l o w s :
For  s i m p l i c i t y ,  l e t  t h e  f i r s t  t e r m on t h e  r i g h t  hand s i d e  in t h e  above two
Ut - ^ ECnbvnb + V + ^ < Pp - pT>< ( 111-82)
Ve -  C - ^ CnbVnb + V  + ^ PP " PE) ( r eAz> ( I I I - 83 )
/ \  /\
e q u a t i o n s  be r e p r e s e n t e d  by and V , i . e . ,
"  C^[ECnbUnb + CS*] ( 111—84)
( 111-85)
Then t h e  e q u a t i o n s  ( I I 1—82)  and ( I I I —83)  can be w r i t t e n  a s :
Ut “ + C^PP " PT ) ( ( I I 1- 86 )
Ve “ Ve + J - (P p -  PE)<reAz)e 
e ( I I I - 87 )
S i m i l a r l y ,  t h e  o t h e r  two v e l o c i t i e s  U. and V a r e  g i ven  by:D W
v„  ■ \  *  c - (pw -  V ' S M ,w
( I I I -89)
These  f o u r  v e l o c i t y  component s  must  s a t i s f y  t h e  c o n t i n u i t y  e q u a t i o n .  The 
d i s c r e t i z e d  form o f  t h e  c o n t i n u i t y  e q u a t i o n ,  i . e . ,  e q u a t i o n  ( 1 1 1 - 7 6 ) ,  
c o n t a i n s  t h e s e  component s .  Using t h e  above e q u a t i o n s  t o  e l i m i n a t e  t h e s e  
component s  in e q u a t i o n  ( 1 1 1 - 7 6 ) ,  t h e  r e s u l t  i s  one in t e r ms  o f  t he  
p r e s s u r e  o n l y  as  g i ven  below.
c ppp = ct p t + CBPB + CEPE + CWPW + CStf ( 111-90)
where  t h e  c o e f f i c i e n t s  a r e :
Cp “ P̂ f e -2 — Ar)c (— - y —̂  Ar) ( 111-91a)
( I I I - 9 1 b )
°E “ pC;(reAz)e (reAz) ( I I I —91c)
°W “ pC-(rwAz)w(reAz)
W
( I I I —91d)
( I I I - 9 1 e )
The p r e s s u r e  f i e l d  c a l c u l a t e d  from e q u a t i o n  ( I I I —90)  may be used as  t h e  
e s t i m a t e d  p r e s s u r e  f i e l d  f o r  t h e  c a l c u l a t i o n  o f  t h e  v e l o c i t y  f i e l d .  I f  
t h e  c o r r e c t  v e l o c i t y  f i e l d  i s  f i n a l l y  o b t a i n e d ,  t h e  c o r r e s p o n d i n g  p r e s s u r e
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f i e l d  i s  a l s o  c o r r e c t  s i n c e  a t  t h a t  moment t h e  c o n t i n u i t y  e q u a t i o n  i s  
s a t i  s f i  e d .
3 . 6 . 3  C o r r e c t i o n s  o f  t h e  V e l o c i t y  F i e l d :
A p r o c e d u r e  t o  speed con v e r g e n c e  can be d e v e l o p e d  which p r o v i d e s  a
c o r r e c t i o n  t o  t h e  v e l o c i t y  f i e l d  r a t h e r  t han  use t h e  v a l u e s  from t h e
p r e v i o u s  i t e r a t i o n .  F i r s t ,  t h e  e s t i m a t e d  p r e s s u r e  f i e l d  i s  d e n o t e d  P ,
*  *
and t h e  r e s u l t i n g  v e l o c i t y  f i e l d  i s  r e p r e s e n t e d  by U and V which came 
from t h e  s o l u t i o n  of  t h e  d i s c r e t i z e d  momentum e q u a t i o n s ,  e q u a t i o n s
( I I I - 8 0 )  and ( I I I - 8 1 )  as  w r i t t e n  below w i t h  a * s u p e r s c r i p t .
* * * * r p + r «
c tut - rCnbU*  + CS* + <PP ( I I I  —SOa)
CeVe* ‘  £c„bVnb‘ + cs .  + <PF* -  pE* > < V ^ e  ( I U - 8 1 a )
To have an improved v e l o c i t y  f i e l d  f o r  t h e  n e x t  i t e r a t i o n ,  P a t a n k a r  and
S p a l d i  n g ( 42) p r opos e d  v e l o c i t y  and p r e s s u r e  c o r r e c t i o n s .  I n s t e a d  o f  
s o l v i n g  t h e  p r e s s u r e  e q u a t i o n  ( 1 1 1 - 9 0 )  f o r  p r e s s u r e ,  t h e y  o b t a i n e d  t h e
p r e s s u r e  f i e l d  u s i n g  t h e  p r e s s u r e  c o r r e c t i o n  P ‘ as  f o l l o w s :
P = P* + P'  ( I I 1—92)
P a t a n k a r  and S p a l d i n g ( 4 2 )  s u g g e s t e d  u s i n g  t h e  f o l l o w i n g  c o r r e c t e d  v e l o c i t y
f i e l d  f o r  t h e  n e x t  i t e r a t i o n .
it 4* r
ur °  V* + £-(P' - PT' ) ( e w Ar) t  t  Cc p T I t  ( I I I —93)
ve "  Ve* + C - (V  ” PE , ) ( r eAz)e ( 1 1 1 - 9 4 )e
( l n - 9 5 )
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v»  -  vw* ♦ r < V  - pp ' i V »  ( I I I - 9 6 )w
The f i r s t  t e rm in t h e  r i g h t  hand s i d e  o f  t h e  above f o u r  e q u a t i o n s  i s  t h e  
v e l o c i t y  f i e l d  c a l c u l a t e d  from t h e  d i s c r e t i z e d  momentum e q u a t i o n s .  The 
second t e rm i s  t h e  v e l o c i t y  c o r r e c t i o n s  t o  speed t h e  c o n v e r g e n c e .
To o b t a i n  an e q u a t i o n  f o r  p r e s s u r e  c o r r e c t i o n s  a p p e a r i n g  in e q u a t i o n s
( I I 1 -92 )  t o  ( I I 1 - 9 6 ) ,  P a t a n k a r  and S p a l d i n g ( 4 2 )  s u g g e s t e d  u s i n g  t he
d i s c r e t i z e d  c o n t i n u i t y  e q u a t i o n .  S u b s t i t u t i n g  e q u a t i o n s  ( I I I - 9 3 )  t o  
( I I I - 9 6 )  i n t o  e q u a t i o n ( 1 1 1 - 7 6 ) ,  we may o b t a i n  a d i s c r e t i z a t i o n  e q u a t i o n  
f o r  P ' , i . e . ,  t h e  p r e s s u r e - c o r r e c t i o n  e q u a t i o n .
CpPp'= c TV *  cbp b ' + c ep e ' *  cwpw' + cs * ( i i i ' 97)
where Cy, Cg, Cg, C^,  and Cp a r e  g i ven  by e q u a t i o n s  ( I I 1-91 a - e ) ,  and c s*
i s  g i ven  by:
r_ + r „  * *
C, -[p(Ut  -  Uh ) * g - -  Ar + p ( r eVe -  r^  )Az] ( 111-98)
The r i g h t  hand s i d e  o f  e q u a t i o n  ( 1 1 1 - 9 8 )  i s  t h e  same as  t h e  c o n t i n u i t y  
e q u a t i o n  ( I I 1 - 7 6 ) .  I f  i n  t h e  p r e s s u r e - c o r r e c t i o n  e q u a t i o n  i s  z e r o ,  
t h e  s t a r r e d  v e l o c i t y  f i e l d  has  s a t i s f i e d  t h e  c o n t i n u i t y  e q u a t i o n ,  and a 
co n v e r g ed  v e l o c i t y  f i e l d  has  been o b t a i n e d .  Al s o ,  t h e  s t a r r e d  p r e s s u r e  
f i e l d  i s  t h e  co n v e r g ed  s o l u t i o n .  I f  i s  n o t  z e r o ,  t h e  c o n t i n u i t y
e q u a t i o n  has  n o t  been s a t i s f i e d ,  and t h e  s t a r r e d  p r e s s u r e  and v e l o c i t y  
f i e l d  have n o t  c o n v e r g e d .  More i t e r a t i o n s  a r e  t h e n  n e c e s s a r y  u n t i l  t h e  
s o u r c e  t e rm o f  e q u a t i o n  ( I I 1—97)  becomes z e r o ;  i . e . ,  t h e  c o n t i n u i t y  
e q u a t i o n  has  been s a t i s f i e d .
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3 . 7  E x t e n s i o n s  f o r  a T h r e e - Di men s i o n a l  Flow F i e l d
In t h e  p r e v i o u s  s e c t i o n s  t h e  c o n s e r v a t i o n  laws were w r i t t e n  f o r  
t wo - d i me n s i o n a l  a x i s y m m e t r i c a l  f l ow f o r  t h e  co n v e n i e n c e  o f  havi ng  f ewer  
t e rms  in t h e  deve l opme n t  o f  t h e  d i s c r e t i z a t i o n  e q u a t i o n s .  In t h i s  
s e c t i o n ,  we w i l l  i n c l u d e  t h o s e  a d d i t i o n a l  t e rms  f o r  t h e  d e s c r i p t i o n  o f  
t h r e e - d i m e n s i o n a l  s t e a d y  f l ow in an a g i t a t e d  v e s s e l .  The a s s u mp t i o n  of  
ax i symmet ry  i s  o n l y  a p p r o x i m a t e ,  and i t  i g n o r e s  t h e  f l ow a r ound  t he  
b a f f l e s .  The t a n k  b a f f l e s  c r e a t e  p r o p e r t y  g r a d i e n t s  in t h e  t a n g e n t i a l  
d i r e c t i o n .  The f l ow i s  t h r e e - d i m e n s i o n a l ,  and t h i s  was shown in 
M u l v a h i l l ' s  m e a s u r e m e n t s ( 6 , Ch a p t e r  I ) .  I t  i s  n e c e s s a r y  t o  show what  
e x t e n s i o n s  a r e  r e q u i r e d  f o r  t h e  d i f f e r e n t i a l  and d i s c r e t i z e d  t r a n s p o r t  
e q u a t i o n s  from t wo-  t o  t h r e e - d i m e n s i o n a l  c a s e s .
3 . 7 . 1  C o n s e r v a t i o n  E q u a t i o n s  in t h e  I s o t r o p i c  Model
In s e c t i o n  3 . 2 ,  t h e  c o n t i n u i t y  e q u a t i o n  and momentum e q u a t i o n s  were 
p r e s e n t e d  f o r  t h r e e - d i m e n s i o n a l  f l ow.  Using t h e  c o n c e p t s  d e v e l o p e d  f o r  
t h e  t wo - d i m e n s i o n a l  i s o t r o p i c  model  i n  which t h e  i s o t r o p i c  eddy v i s c o s i t y  
was assumed t o  r e p r e s e n t  t h e  Reynol ds  s t r e s s  t e r m s ,  we may o b t a i n  t h e  
f o l l o w i n g  g e n e r a l  t r a n s p o r t  e q u a t i o n s  f o r  t h e  t h r e e - d i m e n s i o n a l  f l ow which 
i s  an e x t e n s i o n  o f  e q u a t i o n  ( I I 1—5 9) .
l b  l b  b
p[r 5 r (tV*) + r 5o (W,’) + 5 z (U*)1 “
b b<j> l b  r . b *
5 r<rr*5r) + r S e(^  5 e} + + S* ( I I 1-99)
C o n t i n u i t y  e q u a t i o n  ( $=1 ,  T =0)  i s  an e x t e n s i o n  o f  e q u a t i o n  ( 1 1 1 - 1 2 ) :
1 b(rV) ( I I I - 1 0 0 )
I l l
Radia l  momentum e q u a t i o n  ($=V, i s  an e x t e n s i o n  o f  e q u a t i o n
( 111 - 16):
■ 4  f e (rVI) + 7  t e (WV) + f e (UV) ] " 7  f e (rve f f  5F> + 7  5F>
. 5 , 5V. 5P , Wl -  V 7 pe f f  5W , 1 5 , 5V.
+ S z ^ e f f  5z> ” 5F + p—  " 2pe f f  ~  " 2 “  5e + F 5F(rye f f  57'
, 1 5 /  5 (W/r) . . 5 , 5U. , T r T i \
+ F 5ff e f f  5r + 5 7 (lle f f  5F} ( 111-101)
Angul a r  momentum e q u a t i o n  (^=rW, r  =i ie f i s  an e x t e n s i o n  o f  e q u a t i o n  
( H I - 1 7 ) :
„ [ I  g _ ( r ’VW) + i  + j - ( rWJ)]  -  i  f e ( « e££^ )
, 1 5 , pe f f  5(rWh , 5 5<rW), 5P 2 5 A 1 5 5V,
+ F 5 e( ~  ~5T~) + 5F(pef£“ 5 z “) “ 5o F 5 r (Me f f rW) + 7  5F(rpe f f  5 e )
, 1 5 / e f f  5(rW). , 2 5 ,  ^ 5 , 5UX
+ F  5 e ( r  5e_) + 7  5 o (l,e f f V) + oF(we f f  Se '  ( H I - 102)
Axial  momentum e q u a t i o n  ( 0=U, I ' ^ ^ g f f ^  an ex^e n s i o n  ° f  e q u a t i o n
( 1 1 1 - 1 8 ) :
4  57<rUV> + r S f f ^  + " 7  S F ^ e f f  5F> + 7  § o < H r
+ fe<pe f f  5i> “ 5 7  + ^  + F S F ^ e f f  i >  + F  te  <pe f f  57>
5 5U.
( 111-103)
4- °  Ci, o u N
+ <57 e f f  5 z }
Equa t i on  o f  t u r b u l e n c e  k i n e t i c  ene r gy  ( 0=k,  r ^ = u e f f / a ^ )  i s  an e x t e n s i o n  of  
e q u a t i o n  ( I I I —22) :
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P t  i  ^ ( r V k )  +  |  ^ ( W k )  +  § ^ ( U k ) ]  -  i  s ? ( r  - ^ 5 ? )
1 b pe f f  bk,
+ i a (l ! s £ f § )  + ^ Pef f  + G  -  P C
r  <5<rr  ok 5 e '  &z ok oz ( I I 1-104)
Equ a t i o n  o f  en e r g y  d i s s i p a t i o n  r a t e  ( 0 = e ,  ’̂(̂ =i1e f f / 0 E)  
e q u a t i o n  ( I I 1 - 38 ) :
i s  an e x t e n s i o n  of
» [ i f e ( r V c )  + | - („0 | .  A + i | _ ,1 pe£f  be.  
(r  —  5e}
+ §i< f 1C i> + E tc l G -  ‘V 1 -  W ” 1c ( I I I - 1 0 5 )
The e m p i r i c a l  c o n s t a n t s  and p a r a m e t e r s  o f  t h e  above 
a r e  g i ven  as  f o l l o w s :
g o v e r n i  ng e q u a t i  ons
p e f f  = v + p t
( 111-19)
y t  = pk2/ e ( 1 1 1 - 2 5 )
= 0 . 0 9  ( 1 + 2 0 . 5 / Rt ) [ 1 -  e x p ( - 0 . 0 1 6 5 R k) ] 2 ( 1 1 1 - 3 4 )
C2 = 1 . 44  [ l + (  0 . 0 5 / ( 0 / 0 . 0 9 )  ) 3] ( I 11-35)
C2 = 1 . 92  [ 1 . 0  -  e x p ( - R t 2 ) ] ( 1 11-36)
Rt  = p k V y c ( I I I —33)
Rk = p l \ / u ( 1 1 1 - 3 7 )
C = 0 . 2  c
( I I 1-40)
o k = 0 . 87 ( 1 11-29)
o = 1 . 3
E
( I I I - 2 7 )
113
= l t r L  ( i i i —39 )
G - P t {2 [ @ :  + ( I ^ + ^ ) J + ( ^ ) I] + ( g  + g ) 2
, ,1 bU . bW., , ,1 bv , b(W /r)., ,
+ (F 5 F  + 5F) + (F  5o + r —5 F ~ ) } ( 111-106)
The t h r e e - d i m e n s i o n a l  c o n s e r v a t i o n  e q u a t i o n s  in t h e  m o d i f i e d  i s o t r o p i c  
model f o r  s wi r l  f l ows  can be summerized i n  Tab l e  111—3. Th i s  t a b l e  i s  
compar ab l e  t o  t h e  r e s u l t s  g i v e n  in Tab l e  111 — 1 f o r  t wo - d i me n s i o n a l  f l ow
e x c e p t  t h a t  t h e  dr ag  t e r m a p p e a r i n g  in t h e  t wo - d i men s i o n a l  a n g u l a r
momentum e q u a t i o n  does  n o t  e x i s t  in t h e  t h r e e - d i m e n s i o n a l  e q u a t i o n .  In 
t h i s  model t h e  i s o t r o p y  o f  t h e  exchange  c o e f f i c i e n t  i s  assumed.
3 . 7 . 2  C o n s e r v a t i o n  E q u a t i o n s  i n  t h e  N o n i s o t r o p i c  Model
In t h i s  s u b s e c t i o n  t h e  c o n s e r v a t i o n  e q u a t i o n s  in t h e  n o n i s o t r o p i c  
model ,  which i n c l u d e s  t h e  c o n t i n u i t y  e q u a t i o n ,  momentum e q u a t i o n s  and a 
n o n i s o t r o p i c  k~z t u r b u l e n c e  model ,  a r e  e x t e n d e d  from t h e  c a s e  o f  two 
i n d e p e n d e n t  v a r i a b l e s  t o  t h r e e  i n d e p e n d e n t  v a r i a b l e s .  In t h i s  
t h r e e - d i m e n s i o n a l  model ,  t h e  i s o t r o p i c  a s s u mp t i o n  o f  T was e l i m i n a t e d .  
The g e n e r a l  form i s  t h e  same as  e q u a t i o n  ( 1 1 1 - 9 9 ) ,  and t h e  c o n t i n u i t y  
e q u a t i o n  i s  e q u a t i o n  ( I I 1 -100)  as  d i s c u s s e d  i n  t h e  p r e v i o u s  s u b s e c t i o n .  
O t h e r  i n d i v i d u a l  e q u a t i o n s  a r e  g i ven  below.
Radi a l  momentum e q u a t i o n  ( 0=V, ^ =y r 2 ) i s an e x t e n s i o n  o f  e q u a t i o n
( 1 1 1 - 4 4 ) :
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Tabl e  111- 3 .  Thr e e - Di mens i ona l  C o n s e r v a t i o n  E q u a t i o n s  w i t h  
t h e  I s o t r o p i c  Model .
<t> r 0 S*
1 0 0
u ^ e f  f &P X .‘  5 ?  + pSz
, 1 5 , BV, , 1 B , BW, , 5 , BU, 
+ r  5 r (rye f f  5 z } r  5 e (ye f f  5 z } + S i ^ e f f  5 i }
V V f
BP , W1 ,  V 9 ye f f  BW -  j j :  + Pr " 2ve f f  ^  -  2 ^  sg-
x 1 5 /_ BV, , 1 B B(W/r), x B BU, 
+ r  5F(rye f f  5F} + r  5 e (ryef£ H r  ) + 5T(ye f f  5F}
rW we f f BP 2 b ,  x 1 B , BV,“ So " r  S r ^ e f f 1^  + r  5 ? (rve f f  5o}
, 1 B / e f f  B(rW)« , 2 B ,  , BU, 
+ r  5 e ( r  Ba } + r  S r (t,e f f V) + S ? (ye f f  S e >
k G - pc
E ve f f / 0 E £  [CyG - C2 ( l  -  CcRit )pc]
where G = e cI 2 ( (g )=  + + + < g > ’ ] + $  + ! > ’ + <F5S + g > ’
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p<7 + 7  5o(WV> + S7(UV)] '  7  f e ^ r z  37> + 7  S >
. D prz D m ,  , ,  . 1 & rwrz . 1 , .  5V, 2_ ^rz BW _ ,  v_vz V_
+ 5»[̂ 5 ? Wr>I + t ® 1— < ^ -  ^  - ^ ^ 5 5  2 »e 0 r .
, D , DU.
+ 57 (pr z 3 7 ) ( I I I - 1 0 7 )
An g u l a r  momentum e q u a t i o n  ( 0=rW, ^ = p r z ) i s  an e x t e n s i o n  o f  e q u a t i o n
( I 11-45):
„ , I  y t ,W)  + I  + g (tWU), .  I  6 (g ).,
A 1 5 , prz D(rW), , 5 D(rW), DP , 1 D 1 D(rW),
+ 7  5e(~  - 5 o " ) + 57 (wrz ~ 7 T ) “ 5e + 7  57[r(^  '  1)prz ” 5r J
- I  + 1 & rr- Mrz &V1 + 1 B r1 I 2 1 1  &(*W) 1r 5?(^  ^  + 7  5?tr ^  5e] + 7  5e[7  (7 ^  " prz
4- ~  ^ /  rz ^  j. & r / 1 t\.. D(rW) , , & rprz DU.
r 5e(0eQ V) + 57[(F J  1} prz ~ 5 i - J + Se1 ( 1 11-108)
Axi a l  momentum e q u a t i o n  ( 0=1), ^ = ) J r z ) 1 s an e x t e n s i o n  o f  e q u a t i o n
(1 1 1 -4 6 ):
r i 5 , n  , a m n , _ i  a , , . , ,  au. . i a prz au.
p[7  57(rUV) + 7  M (WU) + 57 ( U) ]  7  57<riJrz 57} + 7  5e(*r" 5e}
. a , au, dp . . .  i  a av, . l  a ri  wrz D(rw),
+ 5z^ rz 57> " 37 + P8z + 7  37(r prz 57} + 7  5 e [7  7 ^  ~ 7 T ]
. i  a ri  , l  , du, , a .. 2 , ,  au,
+ — Kfllp (“------- 1) V KgJ + I (7;- “ 1) Vr7, 57 ]r D° r c0z rz OS Dz <rzz rz Dz ( H I - 1 0 9 )
Equ a t i o n  o f  t u r b u l e n c e  k i n e t i c  e n e r g y  ( 0=k,  r ^=vir z / o ^ )  i s  an e x t e n s i o n  of  
e q u a t i o n  ( I I 1 - 4 7 ) :
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rl & , ,, N , 1 5 /T, N . b ,IIUm  1 6 , -  yrz bk. , 1 b ,1 vrz bkN
prF 5FCrVk) + ? 5 e (wk) + 5F(Uk)J ” r 5F(r Sr* + r 5e(r 5e >
, & A z  bk. . I B  A ,  1 ,» vrz bk, , b u  1 vvz bk,
+ + T  5 e ‘r < ^  " “i T 5® ^  °zz " ^ i T 5^
+ cnon. cc ( i n - 1 1 0 )
Eq u a t i o n  o f  e n e r g y  d i s s i p a t i o n  r a t e  ( $=£,  ^0=*Jr z //aE) i s an e x t e n s i o n  o f
e q u a t i o n  ( I I I —4 8 ) :
rl & \ j. 1 5 m  \ x & /tt m  „ 1 & /-yrz be. , 1 b ,1 ‘'rz be.P l? ^(rVc) + -  (Wc) + ^(Uc)) -  -  ^ (r—  ^  ? ^
. b ,'Jrz be. ,1 b r 1, 1 , x^rz be, , b , , 1 ^rz be.
+ 'SkT' 5i> + x 5e(F(a ~  “ 5e] + 5F[ t  " 1V -  5F]c 6z E zz c
+ ^ Cl Gnon “ C2(1 " cc Rit )pc] ( I l l - I l l )
The above f i v e  e q u a t i o n s  and c o n t i n u i t y  e q u a t i o n  ( I I I - 100) form a c l o s e d  
sys t em wi t h  n o n i s o t r o p i c  v i s c o s i t y  c o e f f i c i e n t .  Th i s  n o n i s o t r o p i c  model 
can be viewed a s  a m o d i f i c a t i o n  o f  t h e  i s o t r o p i c  model .  The o t h e r  
v a r i a b l e s  and e m p i r i c a l  c o n s t a n t s  used in t h i s  model a r e  g i ven  as  f o l l o w s :
prz = V + Cy Pk2/E ( I I I —50)
yre = y rz / o r0 
y0z = vrz/aBz
p = p / a  ( I I 1-5 1)Mrr Mrz rr v '
y00 = yrz / o 00
yzz _ y rz7ozz
° r 0 = ° 0z = ° r r  = °00  = ° z z  = 1,0  i n b u l k  r e 9 ion ( H I - 5 8 )
a a = 1 + 2S in j e t  zone ( 1 1 1 - 5 6 )rU r
° 0z  = ° r r  = °00 = ° z z  = 0 ,7  i n J e t  zone ( I I I —57)
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Sp = ( l O / D j X G g / G ^ ^ D j / r ) 3 ( I I 1-53)
( I I 1-54)
(1 1 1 - 5 5 )
non
The c o n s e r v a t i o n  e q u a t i o n s  in t h i s  t h r e e - d i m e n s i o n a l  n o n i s o t r o p i c  model 
a r e  t a b u l a t e d  in Tab l e  I I I - 4 .
3 . 7 . 3  Boundary C o n d i t i o n s  f o r  T h r e e - Di men s i o n a l  E q u a t i o n s
We have d i s c u s s e d  t h e  boundar y  c o n d i t i o n s  f o r  t h e  t wo - d i men s i o n a l  
c o n s e r v a t i o n  e q u a t i o n s  p r e v i o u s l y .  For  t h e  t h r e e - d i m e n s i o n a l  f l o w f i e l d  in 
an a g i t a t e d  v e s s e l ,  we a l s o  need t o  c o n s i d e r  t h e  boundary  c o n d i t i o n s  in 
t h e  9 - d i r e c t i o n .  Due t o  symmet ry,  a q u a r t e r  o f  an a g i t a t e d  v e s s e l  shou l d  
be s e l e c t e d  as  our  c a l c u l a t i o n  domain,  and v a r i a b l e s  on one boundar y  a r e  
equa l  t o  t h e  o t h e r .  T h i s  w i l l  be d i s c u s s e d  in d e t a i l  i n S e c t i o n  3 . 9  
Boundary C o n d i t i o n s  in Numer ical  R e p r e s e n t a t i o n s .  The v a l u e s  o f  v a r i a b l e s  
on b a f f l e s  a r e  z e r o  due t o  t h e  no s l i p  c o n d i t i o n  as  d i s c u s s e d  p r e v i o u s l y .
3 . 7 . 4  Thr e e - Di mens i ona l  D i s c r e t i z a t i o n  Eq u a t i o n s
The t wo - d i me n s i o n a l  g e n e r a l  d i s c r e t i z a t i o n  e q u a t i o n  was o b t a i n e d  by 
i n t e g r a t i n g  e q u a t i o n  ( I I I - 5 9 )  w i t h  r e s p e c t  t o  r  and z from w t o  e and b t o  
t  o v e r  t h e  f i n i t e  domain i n  F i g u r e  111—2 in t h e  f i r s t  s t e p  o f  t h e
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Tabl e  111-4 .  T h r e e - Di me n s i o n a 1 C o n s e r v a t i o n  E q u a t i o n s  wi t h  





&Px _ j a , .  OV, , 1 0 f l  prz 0(rW),
“ TSz + pSz + r 3F(r wrz 55> + r 5 e [r o02 “ V 1
, 1 0 . 1 , 1  , .  OU. , 0 2 0U,  
+ r 5o[F  (57"  “ X) vrz 5 e ] + 5FC (S " “ " 1} wrz 5z ]Qz zz
V p rz
3T0
- .L . &w _ i h *  V_ , 5 ,  OU. 
r i °ee 59 °00 r j 5z^prz 5 r}
rW \ z
xrG
+ I $ _ r r ^ ^ i  + I &  r1 < 2 ^  8<rW), 
r ^  °re ^  r  Zo[* “ 1} "rz “ 5T-J
+ 1  v) + <Lr c J L  _ n  „ Q(rW)7 , 0 r yrz OU. 
r °qq v;  (oz0 1) prz &z -J + 5e>
k V / o k
— ---- i )  vxz  5k. + 0 . .  1 vn  Ok.
r 5ol^ c 02 i} ok  5e> + 5F[ 1} 5Ej
+ Gnon “ pc
e y r z / 0 E — f i f—i — - l  wEE i j. B r t 1 i ■> Urz Oe. r 5o 'r  (a 02 ^  5eJ + 5*1 <3^ " ^  &
+ K[Cl Gnon -  C2(1 “ CcRic)pcJ
tit  1 X 1 / 1  BW , V.J . 1 ,0U ., ,where m  *  p)* + —  Cjy/’J
rO vOz
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d i s c r e t i z a t i o n  p r o c e d u r e .  The r e s u l t  has  been shown by e q u a t i o n  ( 1 1 1 - 7 7 ) .  
S i m i l a r l y ,  The t h r e e - d i m e n s i o n a l  g e n e r a l  d i s c r e t i z a t i o n  e q u a t i o n  can be 
o b t a i n e d  w i t h  an a d d i t i o n a l  i n t e g r a t i o n  w i t h  r e s p e c t  t o  0 f rom s t o  n ove r  
t h e  f i n i t e  domain shown i n  F i g u r e  I I I - 6 . T h i s  g e n e r a l  d i s c r e t i z a t i o n  
e q u a t i o n  i s  w r i t t e n  as  f o l l o w s :
where t h e  s u b s c r i p t s  N and S r e p r e s e n t  t h e  n o r t h  and s ou t h  n e i g h b o r i n g  
p o i n t s  o f  t h e  c e n t r a l  g r i d  p o i n t  P a l ong  t h e  0 - c o o r d i n a t e ,  r e s p e c t i v e l y .  
The l o c a t i o n s  o f  t h e  g r i d  p o i n t s  and s u r f a c e s  o f  t h e  f i n i t e  domain in t h e  
r - 0  p l a n e  a r e  i l l u s t r a t e d  in F i g u r e  111- 7 .
E q u a t i o n  ( I I I - 1 1 3 )  i l l u s t r a t e s  t h a t  t h e  v a r i a b l e  o f  any g r i d  p o i n t  w i l l  
be a f f e c t e d  by i t s  s i x  n e i g h b o r s  by means o f  t h e  c o r r e s p o n d i n g  
c o e f f i c i e n t s ,  which a r e
Cp0p = CT0T + Cgtfg + C EtfE + Cw^w + + C S0S + ( I I I - 1 1 3 )
r  + r  
Gr = Ar ( "2 ) ArAO
( I I I - l 1 4 b )
( I I I —114a)
Cc = Anr  A0Az E E e ( 111 — 114 c )
( 111- 1 1 4 d )
CN = V rAz ( 111- 1 1 4 e )
= A^ArAz ( I I I —11 4 f )
CP “ Cr  + CB + CE + Cv + CVl + C:s "  S»2 (~  1 r ^ ^ A 6Az ( I I I - 1 1 4 g )
re + ri
%  = s4 l ( T ~—)ArA0Az ( I I I —I14h)
where
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V j . j + v k
. nnal  f i n i t e  domain f o r  a main g r i d  p o i n t .  





F i g u r e  1 I I - 7 .  F i n i t e  domain in t h e  r - 0  p l a n e
122
> —1
II ( V 6 2 t ) [ 0 , ( l - 0 . 1 | N p t l ) ' ] M X * ^ ° ’” pUt^max







II ( r w / s r e ) [ o , ( i - o . i | H p e D ' ] BJX + ^0 ,_pVe^max ( I I 1-71)
\ i < V Srw > r ° ' < 1- ° - 1 |NPwi>, : U  + ^ w ’^-Lax
( 1 1 1 - 7 2 )
an =
+ [0, -pW 1 L ’ K nJ max ( I I I - 1 1 5 )
As = ( W e ^ O . O - O . U N ^ n m a , , + [pW ,0]s J max ( I I I —116)
The P e c l e t  numbers in t h e  above s i x  e q u a t i o n s  a r e  g i v en  by:
« P t  = " V ' V 5zt)- NPb = pV (V izb) 
NPe='>V<V5re)' NPw = -V <V ' V
NPn = > V  < V r nS8n>- NPs = < V r s 69s>
( 111- 68 ) 
( 111-73)  
( 1 1 1 - 1 1 7 )
The i n t e r f a c e  T ' s  i n  t h e  above e q u a t i o n s  may be e x p r e s s e d  in t e r ms  o f  
v
g r i d - p o i n t  r  ' s .  One t y p i c a l  example i s  w r i t t e n  as  f o l l o w s :
re (1 - f e ) ref e -1r = [—---------— + ■- ■-] 1*e 1 r „ r iT, r r r ,  1
( 1 1 1 - 7 4 )
T V E <pE
where f  = 6r  V 6r  . The r e  a r e  s i m i l a r  e x p r e s s i o n s  o f  I V ,  T.  , I V ,  T . ,  e e+ e <t> w <p n <p s <p t
and T<t>b'
I t  shou l d  be n o t e d  t h a t  a l l  t h e  above e x p r e s s i o n s  a r e  f o r m u l a t e d  f o r  
t h e  g e n e r a l  d i f f e r e n t i a l  e q u a t i o n  ( I I I —99)  b a s e d  on t h e  f i n i t e  domain as  
shown in F i g u r e  I I I - 6 . They a r e  a l s o  a p p l i c a b l e  f o r  t h e  c a s e s  u s i n g  
s t a g g e r e d  s ubdomai ns ,  such a s  U, V, e t c . ,  i f  a p p r o p r i a t e  changes  in 
s u b s c r i p t s  r e p r e s e n t i n g  t h e  g r i d  p o i n t s  and i n t e r f a c e s  have been made.  The
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g r i d  p o i n t s  in t h e  main f i n i t e  domain s hou l d  be t r e a t e d  as  t h e  i n t e r f a c e s  
i n t h e  s t a g g e r e d  f i n i t e  domai ns ,  and t h e  i n t e r f a c e s  of  main domain shoul d  
become t h e  g r i d  p o i n t s  f o r  t h e  s t a g g e r e d  domai ns .  Using t h i s  i n f o r m a t i o n  
and f o l l o w i n g  t h e  p r o c e d u r e  used in S e c t i o n  3 . 6 ,  t h e  d i s c r e t i z e d  
e q u a t i o n s  f o r  p r e s s u r e ,  p r e s s u r e  c o r r e c t i o n  and v e l o c i t i e s  have been 
d e r i v e d .  They may be w r i t t e n  as  f o l l o w s :
P r e s s u r e  e q u a t i o n :
CpPp = CTPT ♦ CBPB + CEPE + CWPW + CNPN + CSPS * Cs< ' ( I I I - 1 1 8 )
where
r + v r + r
CT °  P g - (  £  r  -  ArA6) £ —~ ArA6) ( I I I - 1 1 9 a )
, r + r  r + r
C B  ~ P y - ~2-  A r A e > b (  —2 ArAB) ( I I I  — 119b)
°E “ P s-(reAeAz)e (reA0Az) ( I I I - 1 1 9 c )e
°W = pU~(rwA0Az)w(reA0Az) ( 111 - 1 19d)
w
Cm = P̂ -(ArAz)n (ArAz) ( I I I - 1 1 9 e )
n
Cg “ pji—(ArAz>n (ArAz) ( I I I - 119f )
s
Cp — Cj  + Cg + Cg + + C^ + C^ ( I I I - 1 1 9 g )
CS* -  -  V  ^ - ^ ArAe + p(rA  -  rw V A0Az
+ p(W, -  W JArAz] n s
( I I  I - 1 1 9 h )
The c o e f f i c i e n t s  such as  Cg , C , e t c .  in t h e  r i g h t  hand s i d e s  o f  e q u a t i o n s  
( I I I - 1 1 9  a - f )  can be c a l c u l a t e d  from e q u a t i o n  ( I I 1-114 a - f )  in t h e  v e r s i o n
f o r  t h e  s t a g g e r e d  f i n i t e  domai ns .  The h a t  v e l o c i t y  component s ,  e . g .  U^, 
in e q u a t i o n  ( I I I - 119h) a r e  g i ven  a s  f o l l o w s :
I t  s hou l d  be no t ed  t h a t  t h e  c o n t e n t s  in t h e  above b r a c k e t s  have t h e  same 
meani ng ,  b u t  a r e  no t  t h e  same t h i n g .
V e l o c i t y - c o r r e c t i o n  e q u a t i o n s :
The v e l o c i t y - c o r r e c t i o n  e q u a t i o n s  f o r  t h r e e - d i m e n s i o n a l  f l o ws  a r e  
e x t e n s i o n s  o f  e q u a t i o n s  ( 1 1 1 - 9 3 , 9 4 , 9 5 , 9 6 )  and a r e  l i s t e d  as  f o l l o w s :
111 —120a)
°b * E ^ n b ' U  + Cs P I I I - 1 2 0 b )
111 — 120c )
111 —120d)
Wn " rV " lE(W)(lW)nb + CS<f>1 n n
” s “ i V [lCnb(rW)nb + CS*]s s
I I I —120f )
I I I  — 120e )
Ut " ut* +C-(pp' " V><t I I I - 1 2 1 a )
I I I - 1 2 1 b )
Pp ’) ( r  AzA0),
I I I —121c)
I I I —121d)
PM' ) (ArAz) I I I - 121e)
Pp ' ) (ArAz) I I I - 1 2 1 f )
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where t h e  s t a r r e d  v e l o c i t y  f i e l d  can be o b t a i n e d  from t h e  f o l l o w i n g  
d i s c r e t i z e d  momentum e q u a t i o n s :
C_IL* -  rc  . U . * + r + c p * _ d * \ / re + rw t  t  nbunb T M—n-----h i*  ^  + ( lP ~ T ) ( - T ----- ArA0)t
^ “b* “ ECnbUnb* + CS* + <PB * -  P p * ) ( ^ ^ ^ > b 
CeVe "  rCnbVnb + % + (pp* “ PE*) (reAzA9)e
( I I I - 1 2 2 a )  
( I I I —122b) 
( I I I - 122c)
CwV - rCnbVnb" + CS* + <V - PP~><W*B)w ( I H - 122d)
( I I I - 1 2 2 e )
Cs(rfV  “ ^ b ^ W  + CS* + <V - V><ArAz)s ( I I I - 122f )
*
Cn (rWC  -  ECnb(rW)nb* + CS* + (PP* '  PN*)(ArAz)n
where r e p r e s e n t s  t h e  c o e f f i c i e n t  o f  t h e  s o u r c e  t e r m,  S^,  which
e x c l u d e s  t h e  p r e s s u r e  g r a d i e n t s ,  in t h e  momentum e q u a t i o n s .  The symbol
C k means t h e  n e i g h b o r i n g  c o e f f i c i e n t s ,  i . e . ,  Cg , Cw, e t c .  Al l  t h e s e
c o e f f i c i e n t s  can be c a l c u l a t e d  from t h e  s u i t a b l e  v e r s i o n s  o f  e q u a t i o n s  
( I I I - 1 1 4  a - h ) .  The s u p e r s c r i p t  * i s  used t o  i n d i c a t e  t h e  l a t e s t  i t e r a t e d  
v a l u e s .  The v e l o c i t y  component s  o b t a i n e d  from e q u a t i o n  ( I I I —122) w i l l  be 
used i n  e q u a t i o n  ( I I I —121) t o  o b t a i n  t h e  c o r r e c t e d  v e l o c i t y  f i e l d  f o r  t h e  
n e x t  i t e r a t i o n .  The p r e s s u r e - c o r r e c t i o n s  a p p e a r i n g  i n  e q u a t i o n  ( I I I  —121) 
i s  o b t a i n e d  from t h e  p r e s s u r e - c o r r e c t i o n  e q u a t i o n  d i s c u s s e d  below.
P r e s s u r e - c o r r e c t i o n  e q u a t i o n :
c ppp ' =  c t pt ' + CBPb ' + CEPe ' + W + CNPn ' + CSPs ' + CS0 ( I ! 1-123)
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where  a l l  t h e  c o e f f i c i e n t s  e x c e p t  a r e  c a l c u l a t e d  from e q u a t i o n s
( I I I - 1 1 9  a - g ) ,  which a r e  e s t a b l i s h e d  f o r  t h e  p r e s s u r e  e q u a t i o n  ( I I I - 1 1 8 ) .  
The CCj i n  t h e  above e q u a t i o n  i s
* * r + r
CS, " "[p(ut -  > ~ e 2 W ArA0 + P(reve* " rwVw*)A0Az
+ p(Wn -  Ws *)4rAz] ( 111- 124)
The r i g h t  hand s i d e  o f  t h i s  e q u a t i o n  i s  t h e  f i n i t e  d i f f e r e n c e  v e r s i o n  of  
t h e  c o n t i n u i t y  e q u a t i o n .  When v e l o c i t y  f i e l d  i s  c o r r e c t ,  e q u a t i o n  
( I I 1—124) w i l l  become z e r o  so t h a t  t h e  c o n t i n u i t y  e q u a t i o n  i s  s a t i s f i e d .  
T h e r e f o r e ,  t h i s  e q u a t i o n  w i l l  p r o v i d e  t h e  c r i t e r i o n  o f  co n v e r g en c e  o f  t h e  
i t e r a t i  o n s .
Bef o r e  we s t e p  i n t o  t h e  n e x t  s e c t i o n  in which t h e  numer i ca l  c a l c u l a t i o n  
method w i l l  be d i s c u s s e d ,  a b r i e f  summary i s  in o r d e r .  In t h e  e a r l i e r  
p a r t  o f  t h i s  c h a p t e r ,  we used f o u r  f undament a l  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s ,  i . e . ,  t h e  c o n t i n u i t y  e q u a t i o n  and t h r e e  momentum e q u a t i o n s ,  t o  
d e s c r i b e  t h e  f l ow i n  t h e  mixing t a n k .  However ,  t h e y  d i d  no t  form a 
c l o s u r e  sys t em f o r  t h e  t u r b u l e n t  f l o w,  and hence t h e  t w o - e q u a t i o n  
t u r b u l e n c e  model s  were  i n c o r p o r a t e d .  A c c o r d i n g l y ,  we had s i x  s i m u l t a n e o u s  
d i f f e r e n t i a l  e q u a t i o n s ,  and t h e y  were e x p r e s s e d  in t h e  same form.  
P e r f o r mi n g  t h e  i n t e g r a l  method on t h e  f i n i t e  c o n t r o l  volumes f o r  t h i s  
g e n e r a l  d i f f e r e n t i a l  e q u a t i o n ,  we o b t a i n e d  t h e  g e n e r a l  d i s c r e t i z a t i o n  
e q u a t i o n ,  which can be u s ed  t o  s t a n d  f o r  t h e  c o n t i n u i t y  e q u a t i o n ,  p r e s s u r e  
e q u a t i o n ,  p r e s s u r e - c o r r e c t i o n  e q u a t i o n ,  momentum e q u a t i o n s ,  and o t h e r  
t r a n s p o r t - p r o p e r t y  e q u a t i o n s  such a s  k - e q u a t i o n  and e - e q u a t i o n .  S i n c e  t h e  
p r e s s u r e  f i e l d  i s  a l s o  a p r o p e r t y  in t h e  momentum e q u a t i o n s ,  we d e r i v e d  
t h e  p r e s s u r e  e q u a t i o n  and p r e s s u r e - c o r r e c t i o n  e q u a t i o n  from t h e  c o n t i n u i t y  
e q u a t i o n  and momentum e q u a t i o n s .  The c o n t i n u i t y  e q u a t i o n ,  p r e s s u r e
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e q u a t i o n  and p r e s s u r e - c o r r e c t i o n  e q u a t i o n  were no t  i n d e p e n d e n t .  The 
c o n t i n u i t y  e q u a t i o n  became p a r t  o f  t h e  p r e s s u r e - c o r r e c t i o n  e q u a t i o n  and 
p l a y e d  t h e  r o l e  as  t h e  c r i t e r i o n  f o r  c o n v e r g e n c e .  The d e t a i l e d  s t e p s  of  
t h e  i t e r a t i v e  s o l u t i o n  o f  t h e s e  a l g e b r a i c  e q u a t i o n s  w i l l  be p r e s e n t e d  in 
t h e  n e x t  s e c t i o n .
3 . 8  C a l c u l a t i o n  Method
In t h e  l a s t  s e c t i o n  we have p r e s e n t e d  bo t h  two-  and t h r e e - d i m e n s i o n a l  
d i s c r e t i z e d  forms o f  t h e  g e n e r a l  t r a n s p o r t  e q u a t i o n .  In t h e  
t w o - d i me n s i o n a l  c a s e ,  e q u a t i o n  ( I I 1-77)  i s  used t o  s o l v e  f o r  t h e  a n g u l a r  
v e l o c i t y ,  p r e s s u r e  and p r e s s u r e - c o r r e c t i o n  as  we l l  a s  t u r b u l e n c e  k i n e t i c  
e n e r g y  and i t s  d i s s i p a t i o n  r a t e .  I t s  " s t a g g e r e d "  v e r s i o n ,  i . e . ,  e q u a t i o n s  
( I I 1-80)  and ( I I 1 - 8 1 ) ,  a r e  used t o  s o l v e  f o r  t h e  a x i a l  and r a d i a l  v e l o c i t y  
component s .  In t h e  t h r e e - d i m e n s i o n a l  c a s e ,  p r e s s u r e ,  p r e s s u r e  c o r r e c t i o n ,  
t u r b u l e n c e  k i n e t i c  e n e r g y ,  and d i s s i p a t i o n  r a t e  a r e  o b t a i n e d  from e q u a t i o n  
( I I I - 1 1 3 ) ,  and t h e  t h r e e  v e l o c i t y  component s  a r e  o b t a i n e d  by s o l v i n g  t h e  
" s t a g g e r e d "  e q u a t i o n s  ( I I I - 1 2 2 a - f ) .  In t h i s  s e c t i o n ,  two c o mp u t a t i o n a l  
p r o c e d u r e s  f o r  s o l v i n g  t h e  s e t s  o f  a l g e b r a i c  e q u a t i o n s  w i l l  be d e s c r i b e d .  
These  a r e  t h e  SIMPLE and SIMPLER a l g o r i t h m .  The SIMPLE a l g o r i t h m  has  been 
e x t e n s i v e l y  used  and has  s e r v e d  we l l  f o r  t h e  s o l u t i o n  o f  s i m u l t a n e o u s  
t r a n s p o r t  e q u a t i o n s .  I t s  r e v i s e d  v e r s i o n  c a l l e d  SIMPLER w i l l  a l s o  be 
us ed .  Both o f  t h e s e  methods  use  t h e  T r i - D i a g o n a l  Ma t r i x  A l g o r i t m  (TDMA) 
f o r  s o l v i n g  t h e  i n d i v i d u a l  e q u a t i o n ,  and in t h e  n e x t  s u b s e c t i o n  t h i s  
a l g o r i t h m  w i l l  be d e s c r i b e d  b r i e f l y .
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3 . 8 . 1  TDMA w i t h  Sweep Met hod(42)
E q u a t i o n s  ( I I 1-77)  and ( I I I - 1 1 3 )  r e p r e s e n t  a s e t  o f  l i n e a r  a l g e b r a i c  
e q u a t i o n s .  The m a t r i x  o f  t h e  c o e f f i c i e n t s  o f  t h i s  s e t  o f  e q u a t i o n s  can be 
a r r a n g e d  t o  have a band o f  n o n - z e r o  c o e f f i c i e n t s  a l ong  t h e  d i a g o n a l .  
S p e c i a l  a l g o r i t h m s  t o  s o l v e  t h e s e  t y p e s  o f  a l g e b r a i c  e q u a t i o n s  have been 
d e v e l o p e d ,  and t h e y  use  Ga u s s i a n  e l i m i n a t i o n .  One a l g o r i t h m  i s  known as  
t h e  T r i - D i a g o n a l  Ma t r i x  A l g o r i t m  (TDMA), which a p p l i e s  t o  m a t r i c e s  w i t h  
n o n - z e r o  c o e f f i c i e n t s  on t h r e e  d i a g o n a l s .  The a l g o r i t h m  b e g i n s  w i t h  a 
f i n i t e  d i f f e r e n c e  e q u a t i o n  w i t h  t h e  f o l l o w i n g  form:
where  i d e n o t e s  t h e  numbered g r i d  p o i n t s  w i t h  p o i n t s  1 and N r e p r e s e n t i n g  
t h e  boundar y  p o i n t s .  c^=0 and b^=0 f o r  i = l  and i=N a r e  s p e c i f i e d  such 
t h a t  t h e  t r i d i a g o n a l  form o f  t h e  m a t r i c e s  can be o b t a i n e d .  Gauss i an  
e l i m i n a t i o n  can be a p p l i e d  t o  t h e  e q u a t i o n  w i t h  t h e  form o f  e q u a t i o n  
( I I 1 - 1 2 5 ) ,  and a s e t  o f  r e c u r s i o n  r e l a t i o n s  can be o b t a i n e d  which a r e  
g i v e n  below.
Al l  o f  t h e  v a l u e s  o f  M. and N.. can be computed f o r  i = l , 2 , . . . , N .  Then 
t h e  v a l u e s  o f  M̂  and a r e  t h e n  used t o  compute t h e  v a l u e s  o f  u s i n g  
t h e  f o l l o w i n g  e q u a t i o n .
f o r  i = l  , 2 , . . .  ,N ( 111 -12.5)
f o r  i = l , 2 , . . . ,N ( I I I —126)
f o r  i = l , 2 , . . . , N  ( 1 1 1 - 1 2 7 )
where c ^=0 and f o r  i = l  t h e s e  e q u a t i o n s  a r e :
( I I I -1 2 8 )  
( I I 1-129)
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f o r  i = N - l , N - 2 , . . . , 2 , 1  ( 111-130)
where
N
( I I I —131)
T h i s  i s  a ve r y  p o p u l a r  and s i mp l e  p r o c e d u r e  f o r  t h e  s o l u t i o n  o f  t h e  
o n e - d i m e n s i o n a l  d i s c r e t i z a t i o n  e q u a t i o n .
Al t hough  t h e  TDMA i s  a s o l u t i o n  t e c h n i q u e  f o r  o n e - d i m e n s i o n a l  c a s e s ,  i t  
can be used  t o  s o l v e  m u l t i - d i m e n s i o n a l  f i n i t e  d i f f e r e n c e  e q u a t i o n s  w i t h  
t h e  h e l p  o f  a s i mp l e  i t e r a t i v e  method.  For  t h e  t wo - d i me n s i o n a l  c a s e ,  we 
can ap p l y  t h e  TDMA i n  t h e  z - d i r e c t i o n  i f  we c o n s i d e r  # E and ^  i n  t h e  
r - d i r e c t i o n  t o  be known. The l a t e s t  i t e r a t e d  v a l u e s  o f  and <t>̂ a r e
us ed ,  and e q u a t i o n  ( 1 1 1 - 7 7 )  can be w r i t t e n  as
S i m i l a r l y ,  we can a p p l y  t h e  TDMA i n  t h e  r - d i r e c t i o n  i f  t h e  l a s t  i t e r a t e d  
v a l u e s  o f  and tfg a r e  used i n  e q u a t i o n  ( 1 1 1 - 7 7 ) ,  which now can be
w r i t t e n  a s :
t o  match t h e  form o f  e q u a t i o n  ( I I 1 - 1 2 5 ) .
A c c o r d i n g l y ,  t h e  t wo - d i m e n s i o n a l  f i n i t e  d i f f e r e n c e  e q u a t i o n s  l i k e  
e q u a t i o n  ( 1 1 1 - 7 7 )  can be s o l v e d  by t h e  s u c c e s s i v e  a p p l i c a t i o n  o f  t h e  TDMA 
in  t h e  z and r  d i r e c t i o n s .  Sweeping a l ong  t h e  r - d i r e c t i o n  and z - d i r e c t i o n  
a l t e r n a t i v e l y  w i t h  a co n v e r g e n c e  c r i t e r i o n ,  a s o l u t i o n  f o r  <f>p can be 
o b t a i n e d .  We can f i r s t  choos e  a g r i d  l i n e  a l ong  t h e  z d i r e c t i o n ,  use  t h e
Cptfp -  cT0T + cB<*>B + ( c £0E + cw$w + C$^) ( I I I - 1 3 2 )
which i s  o f  t h e  same form as  e q u a t i o n  ( I I I - 125) w i t h  d^ g i ven  a s :
d i  -  c E0E *  c w*w + c S0 ( I I I —133)
Cptfp -  CE0E + CW0W + (Cj<t>j + Cgtfg + C$^) ( I I I —134)
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l a t e s t  v a l u e s  o f  <t> on t h e  two r - d i r e c t i o n  n e i g h b o r i n g  l i n e s ,  and s o l v e  f o r  
a l l  i f ' s  a l o n g  t h e  chosen l i n e  by t h e  TDMA. Th i s  p r o c e d u r e  w i l l  be
f o l l o w e d  f o r  a l l  g r i d  l i n e s  in t h e  z d i r e c t i o n .  Then we choose  t h e  g r i d
l i n e s  in t h e  r - d i r e c t i o n ,  and use  t h e  l a t e s t  v a l u e s  o f  0 on t h e  two
c o r r e s p o n d i n g  z - d i r e c t i o n  n e i g h b o r i n g  l i n e s ,  and s o l v e  f o r  a l l  </>'s a l ong  
t h e  chosen l i n e  by t h e  TDMA. T h i s  method can be e x t e n d e d  t o  
t h r e e - d i m e n s i o n a l  e q u a t i o n s  o f  t h e  form o f  e q u a t i o n  ( I I I - 1 1 3 )  where  a l l  
t h r e e  c o o r d i n a t e  axes  a r e  swept  a l t e r n a t i v e l y .
The above scheme,  in which t h e  TDMA i s  a p p l i e d  t o  one d i r e c t i o n  w i t h  an 
i n t e r a t i v e  method sweeping a l ong  t h e  d i f f e r e n t  d i r e c t i o n s  one a f t e r  
a n o t h e r ,  can p r o v i d e  a f a s t e r  co n v e r g en c e  t han  a pure  i t e r a t i v e  method 
such a s  t h e  G a u s s - S e i d e l  method a c c o r d i n g  t o  P a t a n k a r ( 4 0 ) . T h i s  i s
be c a u s e  a l l  t h e  boundary  c o n d i t i o n s  from t h e  ends  o f  t h e  g r i d  l i n e s  a l ong  
d i f f e r e n t  d i r e c t i o n s  a r e  i mme d i a t e l y  b r o u g h t  i n t o  t h e  i n t e r i o r  o f  t h e  
c a l c u l a t i o n  domain by t h e  TDMA(40). Th i s  i s  t h e  r e a s o n  why t h e  TDMA w i t h  
sweep method i s  a d o p t e d  i n  t h i s  work.
3 . 8 . 2  SIMPLE A l g o r i t h m ( 4 2 )
The p r e v i o u s  d i s c u s s i o n  showed how an i n d i v i d u a l  a l g e b r a i c  e q u a t i o n  
r e p r e s e n t e d  by e q u a t i o n  ( I I I —77)  o r  ( I I I —113) co u l d  be s o l v e d  by t h e  TDMA 
w i t h  sweep method.  Now, we w i l l  p r e s e n t  e f f i c i e n t  ways t o  s o l v e  t h e  
c o u p l e d  e q u a t i o n s  f o r  r a p i d  c o n v e r g e n c e .  The f i r s t  method i s  t h e  p o p u l a r  
SIMPLE a l g o r i t h m ,  and t h e  s equence  o f  c a l c u l a t i o n  f o r  t h i s  a l g o r i t h m  i s  as  
f o l l o w s :
( 1 )  S t a r t  w i t h  a g u e s s e d  p r e s s u r e  f i e l d .
( 2 )  Guess  t h e  v a l u e s  o f  k and e f o r  t h e  f i r s t  run o f  c a l c u l a t i o n
( 3 )  C a l c u l a t e  a l l  T . ' s .
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( 4 )  C a l c u l a t e  t h e  c o e f f i c i e n t s ,  C ' s ,  i n  t h e  momentum e q u a t i o n s  ( I I 1-122
a - f ) .
*  *  *
( 5 )  Ob t a i n  V , W and U by s o l v i n g  t h e  momentum e q u a t i o n s  ( I I 1-122 a - f ) .
( 6 ) C a l c u l a t e  t h e  c o e f f i c i e n t s  f o r  t h e  p r e s s u r e - c o r r e c t i o n  e q u a t i o n  
( I I 1 - 1 2 3 ) .  I f  t h e  s o u r c e  t e r m,  e q u a t i o n  ( I I 1 - 1 2 4 ) ,  i s  equa l  t o  z e r o ,  
t h e  co n v e r g en c e  o f  t h e  c a l c u l a t i o n  i s  r e a c h e d .
( 7 )  Solve  t h e  P 1 e q u a t i o n  ( I 11-123)  t o  o b t a i n  a l l  p r e s s u r e - c o r r e c t i o n s .
( 8 ) Ob t a i n  t h e  p r e s s u r e  f i e l d  by add i ng  P 1 t o  P , e q u a t i o n  ( I I 1 - 9 2 ) .
*
U n d e r r e l a x t i o n  mi gh t  be needed ,  i . e . ,  P=P +&pP'  where u n d e r r e l a x a t i o n
f a c t o r  f o r  p r e s s u r e  fip i s  in a r ange  from 0 t o  1. The c o r r e c t e d  P
*
w i l l  become a new g u e s s  p r e s s u r e  P f o r  n e x t  i t e r a t i o n .
( 9 )  C o r r e c t  V, W and U by use o f  v e l o c i t y - c o r r e c t i o n  e q u a t i o n s  ( I I I - 1 2 1  
a - f ) .
( 1 0 )  C a l c u l a t e  a l l  c o e f f i c i e n t s  and c o n s t a n t s  i n  t h e  k-  and e - e q u a t i o n ,  
and s o l v e  them.
( 1 1 )  Re t u rn  t o  s t e p  3 f o r  t h e  n e x t  run o f  i t e r a t i o n .
The acronym SIMPLE s t a n d s  f o r  S e m i - I m p l i c i t  Method f o r  P r e s s u r e  Linked
E q u a t i o n s ( 4 0 ) . In t h i s  a l g o r i t h m  an i n i t i a l  g u e s s  f o r  p r e s s u r e  f i e l d  and 
t u r b u l e n c e  f i e l d ,  i . e . ,  P,  k and e ,  a r e  needed f o r  i t e r a t i v e  c o m p u t a t i o n s .
A r e v i s i o n  o f  t h e  SIMPLE a l g o r i t h m  which p r o v i d e s  a d i f f e r e n t  way t o  
o b t a i n  p r e s s u r e  f i e l d  i s  c a l l e d  SIMPLER(40).  Th i s  a l g o r i t h m  w i l l  be 
d i s c u s s e d  below.
3 . 8 . 3  SIMPLER A l g o r i t h m ( 4 0 )
In t h e  SIMPLE a l g o r i t h m  t h e  p r e s s u e - c o r r e c t i o n  P 1 o f  s t e p  7 i s  used t o
*
o b t a i n  t h e  p r e s s u r e  f i e l d  by P=P +fSpP' o f  s t e p  8 i n  t h e  SIMPLE a l g o r i t h m .  
In i t s  r e v i s e d  v e r s i o n ,  t h e  SIMPLER a l g o r i t h m ,  t h e  p r e s s u r e  e q u a t i o n
132
( 1 1 1 - 9 0 )  o r  ( I I I - 1 1 8 )  i s  used t o  e x t r a c t  a p r e s s u r e  f i e l d  from t h e
v e l o c i t y  f i e l d  d i r e c t l y .  Appl y i ng  t h e  SIMPLER p r o c e d u r e  t o  t h i s  work,  t h e
s equence  o f  c a l c u l a t i o n  i s  as  f o l l o w s :
( 1 )  S t a r t  w i t h  a g u e s s e d  v e l o c i t y  f i e l d .
( 2 )  Guess  t h e  v a l u e s  o f  k and e f o r  t h e  f i r s t  run o f  c a l c u l a t i o n
( 3 )  C a l c u l a t e  a l l  T ' s .
0
( 4 )  C a l c u l a t e  t h e  c o e f f i c i e n t s ,  C ' s ,  in t h e  momentum e q u a t i o n s  ( I I I - 1 2 2  
a - f ) .
( 5 )  C a l c u l a t e  t h e  h a t  v e l o c i t i e s  V, W and U from e q u a t i o n s  ( I I 1-120 a - f )
w i t h  t h e  c o e f f i c i e n t s  o b t a i n e d  in t h e  p r e c e d i n g  s t e p  and t h e  l a t e s t
v a l u e s  o f  t h e  c o r r e s p o n d i n g  n e i g h b o r  v e l o c i t y  f i e l d ,  V and
( 6 ) C a l c u l a t e  t h e  c o e f f i c i e n t s  f o r  t h e  p r e s s u r e  e q u a t i o n  ( I I I - 1 1 8 ) .
( 7 )  Ob t a i n  t h e  p r e s s u r e  f i e l d  by s o l v i n g  t h e  P e q u a t i o n  ( I I 1 - 1 1 8 ) .
( 8 ) T r e a t i n g  t h e  above p r e s s u r e  f i e l d  as  P , s o l v e  t h e  momentum e q u a t i o n s  
( I I I - 1 2 2  a - f )  f o r  V*, W*. and U*.
( 9 )  C a l c u l a t e  f rom e q u a t i o n  ( I I 1 -124)  t h e  s o u r c e  t e r m,  C ^ ,  in t h e  
p r e s s u r r e - c o r r e c t i o n  e q u a t i o n  ( I I 1 - 1 2 3 ) .  I f  i t  i s  z e r o ,  co n v e r g e n c e  
o f  t h e  c a l c u l a t i o n  has  been r e a c h e d .
( 1 0 )  So l ve  t h e  P 1 e q u a t i o n  ( I I I - 1 2 3 )  t o  o b t a i n  a l l  p r e s s u r e - c o r r e c t i o n s .
( 1 1 )  C o r r e c t  V, W and U by use  o f  v e l o c i t y - c o r r e c t i o n  e q u a t i o n s  ( I I I - 1 2 1  
a - f ) .
( 1 2 )  C a l c u l a t e  a l l  c o e f f i c i e n t s  and c o n s t a n t s  i n  t h e  k-  and e - e q u a t i o n ,  
and s o l v e  them.
( 1 3 )  Re t urn  t o  s t e p  3 f o r  t h e  i t e r a t i o n .
Un l i k e  t h e  o r i g i n a l  a l g o r i t h m ,  which r e q u i r e s  a r e a s o n a b l e  i n i t i a l
g u e s s  o f  t h e  p r e s s u r e  f i e l d ,  t h e  SIMPLER a l g o r i t h m  needs  a r e a s o n a b l e
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i n i t i a l  e s t i m a t e  o f  t h e  v e l o c i t y  f i e l d .  In many p r o b l e ms ,  an e s t i m a t e  o f  
a r e a s o n a b l e  i n i t i a l  v e l o c i t y  f i e l d  i s  e a s i e r  t o  o b t a i n  t h a n  an e s t i m a t e  
o f  p r e s s u r e  f i e l d .  T h e r e f o r e ,  t h e  p r e s s u r e  f i e l d  c a l c u l a t e d  in t h e  
SIMPLER a l g o r i t h m  may be c l o s e r  t o  t h e  c o r r e c t  p r e s s u r e  f i e l d ,  and f ewer  
i t e r a t i o n s  may be r e q u i r e d  f o r  t h e  conve r ged  s o l u t i o n  o f  t h e  same 
c r i t e r i a .  However,  t h e  i n i t i a l  gues s  f o r  t u r b u l e n c e  p a r a m e t e r s  i s  s t i l l  
r e q u i r e d ,  and t h i s  may h u r t  t h e  c o n t r i b u t i o n  made by t h e  p r e s s u r e  f i e l d  in 
t u r b u l e n t  f l o ws .  A l s o ,  t h e  SIMPLER a l g o r i t h m  needs  t o  s o l v e  one more 
e q u a t i o n ,  i . e . ,  p r e s s u r e  e q u a t i o n ,  t h a n  t h e  SIMPLE a l g o r i t h m ;  and t h e  
SIMPLER a l g o r i t h m  u s e s  more comput er  s t o r a g e  t h a n  SIMPLE. Thus ,  wh e t h e r  
t h e  SIMPLER a l g o r i t h m  can o b t a i n  conve rged  s o l u t i o n  w i t h  l e s s  comput e r  
t i me  t h a n  t h e  SIMPLE a l g o r i t h m  s hou l d  be p r o b l e m - d e p e n d e n t .  Ander son ,  e t  
a 1 . ( 4 3 )  r e p o r t e d  t h a t  in mos t  c a s e s  a r e d u c t i o n  i n  comput e r  t i me  o f  30-50% 
i s  o b t a i n e d  even t hough  SIMPLER r e q u i r e d  ab o u t  30% more c o mp u t a t i o n  e f f o r t  
p e r  i t e r a t i o n  t han  t h e  SIMPLE a l g o r i t h m .  In t h i s  s t u d y ,  b o t h  a l g o r i t h m s  
a r e  a p p l i e d  in t wo - d i me n s i o n a l  s i m u l a t i o n s  f o r  t h e  t u r b u l e n t  f l ow in 
a g i t a t e d  v e s s e l  in which no a c c u r a t e  i n i t i a l  e s t i m a t e  o f  t u r b u l e n c e  f i e l d ,  
v e l o c i t y  f i e l d ,  o r  p r e s s u r e  f i e l d  e x i s t e d .  The compar i son  o f  t h e  
t wo - d i me n s i o n a l  c o m p u t a t i o n s  f o r  t h e  t u r b u l e n t  f l ow in an a g i t a t e d  v e s s e l  
w i t h  t h e s e  two a l g o r i t h m s  w i l l  be r e p o r t e d  i n  n e x t  c h a p t e r .  The computed 
r e s u l t s  f rom t h e  t wo - d i me n s i o n a l  s o l u t i o n s  w i l l  be used f o r  t h e  i n i t i a l  
e s t i m a t e  o f  t h e  t h r e e - d i m e n t i o n a l  f l o w f i e l d .
3 . 9  Boundary C o n d i t i o n s  i n  Numer ical  R e p r e s e n t a t i o n s
We have p r e s e n t e d  a l l  t h e  e l e m e n t s  needed f o r  a n umer i c a l  s o l u t i o n  
e x c e p t  how t h e  boundar y  c o n d i t i o n s  a r e  i n c o r p o r a t e d  in t h e  s o l u t i o n  
p r o c e d u r e .  The boundar y  c o n d i t i o n s  f o r  t h e  g o v e r n i n g  e q u a t i o n s  were  g i ven
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in p r e v i o u s  s e c t i o n s  f o r  t h e  t wo - d i me n s i o n a l  a x i s y mme t r i c  and
t h r e e - d i m e n s i o n a l  f l o w f i e l d s .  In t h i s  s e c t i o n ,  we w i l l  d i s c u s s  how t o
e x p r e s s  t h e  boundary  c o n d i t i o n s  in t h e  f i n i t e  domain scheme.
In s e c t i o n  3 . 5 ,  we men t i oned  t h a t  t h e  boundar y  c o n d i t i o n s  f o r  a x i a l  and 
t a n g e n t i a l  v e l o c i t y  component s  on t h e  t o p  and bot t om o f  t h e  i m p e l l e r  had
v a l u e s  from a m a t e r i a l  b a l a n c e  and s o l i d  r o t a t i o n  o f  t h e  i m p e l l e r .  Here
we can use  t h e  f o l l o w i n g  e q u a t i o n s  t o  p r o v i d e  t h e s e  boundary c o n d i t i o n s :
W ( I , J )  = W ( I , J R) r ( J ) / r ( J R) f o r  I = I y o r  I = I g  ( I I I - 1 3 5 )
U( IT , J )  = a U( I T+ 1 , J )  ( I I I - 1 3 6 )
and
U( I B, J )  = o U ( I B- 1 , J )  ( I I 1-137)
where s u b s c r i p t  R means t h e  r a d i u s  o f  t h e  i m p e l l e r ,  and t h u s  J R i n d i c a t e s  
t h e  i m p e l l e r  t i p .  The p r o p o r t i o n a l  c o n s t a n t ' a  can be o b t a i n e d  from t h e  
b a l a n c e  o v e r  t h e  b l a d e - s w e p t  r e g i o n  which i s  t r e a t e d  as  a b l a c k  box.  The 
d e t a i l s  a bou t  how t o  o b t a i n  a  a r e  g i ven  i n  Appendix A. The i n t r o d u c t i o n  
o f  t h e  p r o p o r t i o n a l  c o n s t a n t  a g u a r a n t e e s  t h a t  t h e  o v e r a l l  b a l a n c e  w i l l  be 
s a t i s f i e d  f o r  t h e  e n t i r e  b l a d e - s w e p t  r e g i o n .  I f  t h e  computed a i s  equa l  
t o  u n i t y ,  t h e  normal  a s s u mp t i o n  o f  3l l /3z = 0 i s  t hen  n u m e r i c a l l y
s a t i s f i e d .  The v a l u e s  o f  a  i n  Tab l e  A- l  were c a l c u l a t e d  from 
t wo - d i me n s i o n a l  s i m u l a t i o n s ,  and t h e y  were  no t  equa l  t o  u n i t y .  The 
a v e r a g e  v a l u e s  o f  a  f o r  t h r e e  d i f f e r e n t  t a n k  s ys t ems  w i l l  be used in 
t h r e e - d i m e n s i o n a l  s i m u l a t i o n s .
As f o r  t h e  boundar y  c o n d i t i o n s  in t h e  0- d i r e c t i o n ,  we need t o  pay 
s p e c i a l  a t t e n t i o n  t o  them.  Due t o  symmetry,  a q u a r t e r  o f  t h e  mi x ing  t a n k  
s h o u l d  be s e l e c t e d  a s  o u r  c a l c u l a t i o n  domain.  As shown i n  F i g u r e
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I I I - 8 ( a ) ,  t h e  no s l i p  c o n d i t i o n  a p p l i e s  t o  wh e r e v e r  b a f f l e s  l o c a t e ,  and 




A p p a r e n t l y  t h e s e  two boundar y  c o n d i t i o n s  a r e  d e p e n d e n t .  T h e r e f o r e ,  we a r e  
in need o f  one more r e l a t i o n .  To conquer  t h i s  p r ob l em,  we may t u r n  t o  
expand t h e  c a l c u l a t i o n  domain a s  shown in F i g u r e  I I I - 8 ( b ) .  Accord i ng  t o  
t h e  symmetry,  we t hen  have
*K=1 = *K=KPT-2 ( 1 1 1 - 1 3 8 )
and
*K=KPT = ^K=3 ( I I I - 1 3 9 )
where and ^^=^ p j _2 a r e  ° b t a i n d  from t h e  l a s t e s t  i t e r a t i o n .
When t h e  boundary c o n d i t i o n s  a r e  Neumann t y p e ,  we need t o  c o n s t r u c t  an 
e x p r e s s i o n  t o  r e l a t e  t h e  v a l u e s  o f  t h e  v a r i a b l e s  o f  t h e  boundary  p o i n t  t o  
t h o s e  of  t h e  n e i g h b o r i n g  i n t e r i o r  g r i d  p o i n t .  A s u i t a b l e  f i n i t e  form f o r  
3 0 / 3r=0 and 30/3z=O i s
0B = 0j ( 1 1 1 - 1 4 0 )
where s u b s c r i p t s  B and I s t a n d  f o r  t h e  boundary  p o i n t  and i t s  f i r s t
f
n e i g h b o r i n g  p o i n t ,  r e s p e c t i v e l y .  An o t h e r  method t o  r e a c h  t h e  same goal  in
t h e  numer i ca l  scheme i s  t h a t  t h e  r .  o f  t h e  boundar y  c o n t r o l  volume bounded
0
by p o i n t s  B and I i s  a r t i f i c i a l l y  s e t  equa l  t o  z e r o .  The r e a s o n  t o  do 
t h i s  i s  t h e  f a c t  t h a t  r ^ ( 9 0 / a x ^ ) ,  where x.  means any c o o r d i n a t e ,  a l ways  
comes t o g e t h e r  in t h e  t r a n s p o r t  e q u a t i o n s .  Thus ,  when we a r t i f i c i a l l y  s e t  
T.  equa l  t o  z e r o ,  t h e  t e rm r , ( 3 0 / 3 x . )  w i l l  v a n i s h  in t h e  c a l c u l a t i o n s ;
0 0 i
( a )  Q u a r t e r - T a n k  Domain
K = K PT
Baffle
K = 1~^K = K P T  F 7 7 Z
Region Swept  
by I m p e l l e r
( b )  Expanded C a l c u l a t i o n  Domain
^ r, 4 t 4 ’C i i = K P T -  2
= 1 (0 = 0)
= 0 (No Slip)
2 (0  = 0 )
F i g u r e  I I 1-8 .  C a l c u l a t i o n  domain in t h e  r - 6  p l a n e .
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t h i s  i s  a l s o  t h e  r e s u l t  c a u s e d  by t h e  boundary  c o n d i t i o n s  o f  t h e  second 
k i n d ,  30/3x.=O.
In t h i s  work,  we a l s o  need t o  r e p r e s e n t  some boundar y  c o n d i t i o n s  in t h e
i n n e r  p o s i t i o n s  o f  t h e  t a n k ,  as  shown in F i g u r e s  111—1 and 111-8(  b ) , i n
t h e  f i n i t e  d i f f e r e n c e  form.  One o f  t h e  most  common and c o n v e n i e n t  methods
t o  e x p r e s s  t h e s e  " i n t e r n a l "  boundary  c o n d i t i o n s  i s  t o  i n t r o d u c e  a ver y  b i g  
30number ( e . g .  10 ) in t h e  d i s c r e t i z a t i o n  e q u a t i o n  ( I I I - 1 1 3 )  so t h a t  any
s p e c i f i e d  v a l u e  o f  t h e  v a r i a b l e  can happen t o  be t h e  s o l u t i o n  o f  t h e  
e q u a t i o n  a t  some i n t e r n a l  g r i d  p o i n t ( 4 0 ) .  We can s e t  and S ^  f o r  t h e  
p o i n t  o f  i n t e r e s t  as
and s u b s t i t u t e  them i n t o  e q u a t i o n s  ( I I I - 1 1 3 )  and ( I I I - 1 1 4 )  where t h e  o t h e r  
t e r ms  become n e g l i g i b l e .  The d i s c r e t i z a t i o n  e q u a t i o n  ( I I I - 1 1 3 )  t hen  
r e d u c e s  t o :
The i d e a  o f  a p p l y i n g  a b i g  number i s  a l s o  a p p l i c a b l e  t o  t h e  boundary 
c o n d i t i o n s  o f  3^/8x^=0 a t  i n t e r n a l  g r i d  p o i n t s .  For  a ^ / a x ^ O  we need t o  
have where s u b s c r i p t  nb means a n e i g h b o r i n g  p o i n t  o f  t h e  c e n t r a l
g r i d  p o i n t  P ( e . g .  E, W, T,  e t c . ) ,  d u r i n g  i t e r a t i o n .  We may s e t
Sa . = 1030 . . .  .<t 1 VP, s p e c i f i e d ( I I I - 1 4 1 a )
30 ( I I I - 1 4 1 b )
" Stf2*P _ Stfl*$1 P , s p e c i f i e d
which l e a d s  t o  </>p ^ P , s p e c i f i e d , t h e  r e s u l t  we p u r s u e .
( I I  I - 1 4 2 a )
( I I I - 142b)
A l t e r n a t i v e l y ,  we can l e t
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30 ( I I I - 1 4 3 a )
Cp = 10 30 ( I I I - 143b)
which w i l l  a l s o  r e s u l t  in 0p = ^
Using t h e  methods  d e s c r i b e d  above ,  a l l  boundary  c o n d i t i o n s  in t h i s  
s t u d y  can be e a s i l y  i n c o r p o r a t e d  t o  t h e  c a l c u l a t i o n .  These  i n c l u d e  t h e  
s econd t y p e  o f  boundary  c o n d i t i o n s  on o u t e r  boundary  and t h e  f i r s t  and 
s econd t y p e  o f  boundary  c o n d i t i o n s  a t  i n t e r n a l  g r i d  p o i n t s  in t h e  
c a l c u l a t i o n  domain.
3 . 1 0  Summary
In t h i s  c h a p t e r ,  we p r opos ed  g o v e r n i n g  e q u a t i o n s  t o  d e s c r i b e  t h e  
t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s .  We s t a r t e d  w i t h  t h e  c o n s e r v a t i o n  
e q u a t i o n s  which govern  t h e  t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s .  We t hen  
p o i n t e d  o u t  t h a t  i t  was n e c e s s a r y  t o  have a t u r b u l e n c e  model t o  c l o s e  t h e  
g o v e r n i n g  e q u a t i o n s  and t o  be a b l e  t o  o b t a i n  a s o l u t i o n ,  and we p r opos e d  
two t y p e s  o f  m o d i f i e d  k-e t w o - e q u a t i o n  mode l s .  The boundar y  c o n d i t i o n s  
a s s o c i a t e d  w i t h  t h e  c o n s e r v a t i o n  e q u a t i o n s  were a l s o  p r e s e n t e d .  The 
boundar y  c o n d i t i o n s  f o r  r o t a t i n g  t u r b i n e  i n c l u d e d  t h e  t a n g e n t i a l  j e t  model 
and a m a t e r i a l  b a l a n c e  f o r  t h e  r e t u r n i n g  f l ow.
A l s o ,  a method o f  s o l u t i o n  f o r  t h e s e  e q u a t i o n s  was p r e s e n t e d .  F i r s t ,  
a l l  t h e  d i f f e r e n t i a l  e q u a t i o n s  were a r r a n g e d  i n  a common form.  Then us i n g  
t h i s  form,  a g e n e r a l  d i s c r e t i z a t i o n  e q u a t i o n  was o b t a i n e d  w i t h  t h e  f i n i t e  
domain method.  The TDMA w i t h  sweep method was a p p l i e d  t o  t h e  g e n e r a l  
d i s c r e t i z a t i o n  e q u a t i o n ,  and t h e  SIMPLE and SIMPLER a l g o r i t h m s  were used 
t o  s p e c i f y  t h e  o r d e r  o f  s o l u t i o n  o f  t h e  d i s c r e t i z a t i o n  e q u a t i o n s .  The
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appr oach  began w i t h  t h e  t wo- d i mens i ona l  a x i s y mme t r i c  e q u a t i o n s ,  and t hen  
t h e y  were e x t e n d e d  t o  t h r e e  d i me n s i o n s .  I t  was more c o n v e n i e n t  t o  beg i n  
t h e  deve l opment  o f  b o t h  d i f f e r e n t i a l  and d i s c r e t e  e q u a t i o n s  in 
t wo - d i me n s i o n a l  form,  and t o  program s t e p  by s t e p .  A l s o ,  t h e  
t wo - d i me n s i o n a l  s o l u t i o n s  would p r o v i d e  a good i n i t i a l  e s t i m a t e  of  
v a r i a b l e s  f o r  t h e  t h r e e - d i m e n s i o n a l  program f o r  more r a p i d  c o n v e r g e n c e .  
In a d d i t i o n ,  t h e  more economic a l g o r i t h m  between SIMPLE and SIMPLER, 
d e t e r m i n e d  by compar ing t h e i r  CPU t i me r e q u i r e d  f o r  t h e  t wo - d i me n s i o n a l  
mo d e l i n g ,  was used in t h r e e - d i m e n s i o n a l  c o m p u t a t i o n s .  In nex t  c h a p t e r ,  
t h e  r e s u l t s  f rom bo t h  two-  and t h r e e - d i m e n s i o n a l  c o m p u t a t i o n s  w i l l  be 
p r e s e n t e d  and d i s c u s s e d .
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CHAPTER IV
RESULTS AND DISCUSSION
4. 1  I n t r o d u c t i  on
In t h i s  c h a p t e r  we w i l l  beg i n  by g i v i n g  t h e  r e s u l t s  o f  t h e  s o l u t i o n  f o r
t h e  t h r e e - d i m e n s i o n a l  t u r b u l e n t  f l o w f i e l d  i n c l u d i n g  t h e  co n v e r g en c e  and
v a l i d i t y  o f  t h e  s o l u t i o n  as  e s t a b l i s h e d  by compar i son  w i t h  e x p e r i m e n t a l  
d a t a .  Al s o ,  t h e  s o l u t i o n  from t h e  t h r e e - d i m e n s i o n a l  i s o t r o p i c  and
n o n i s o t r o p i c  s i m u l a t i o n  w i l l  be compared.  Then we w i l l  p r e s e n t  t h e  
r e s u l t s  f rom t h e  t wo - d i me n s i o n a l  a x i s y m m e t r i c  s o l u t i o n s  and show t h e
l i m i t a t i o n s  a s s o c i a t e d  w i t h  t h i s  a p p r o x i m a t i o n .  The comp ar i s o n s  w i l l  
i n c l u d e  t h e  r e s u l t s  f rom f o u r  d i f f e r e n t  t w o - d i me n s i o n a l  mode l s .  In
a d d i t i o n ,  t h e r e  w i l l  be a d i s c u s s i o n  on t h e  r e l a t i o n  o f  t h i s  r e s e a r c h  t o
p r e v i o u s  s t u d i e s  on t h e  t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s .  We w i l l  t h e n  
d i s c u s s  t h e  n umer i c a l  co n v e r g e n c e  and a c c u r a c y ,  and f i n a l l y  t h e  SIMPLE and 
SIMPLER a l g o r i t h m s  w i l l  be compared f o r  e f f i c i e n c y  i n  t h e  numer i ca l
s o l u t i o n  f o r  t h i s  p a r t i c u l a r  f l o w f i e l d .
4 . 2  Thr e e - Di me n s i o n a l  S i m u l a t i o n
In t h i s  s e c t i o n  we w i l l  p r e s e n t  t h e  t h r e e - d i m e n s i o n a l  s o l u t i o n  f o r  t h e  
t u r b u l e n t  f l o w f i e l d  i n  t h r e e  d i f f e r e n t  s t i r r e d  tank,  s y s t e ms .  As shown in 
T a b l e  IV—1, t h e y  a r e  f o r  an a g i t a t e d  v e s s e l  o f  t h e  same s i z e  b u t  w i t h  
d i f f e r e n t  i m p e l l e r  s p ee d s  and d i a m e t e r s .  We w i l l  t h e n  v e r i f y  t h e
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Tabl e  IV-1.  Three  S t i r r e d  Tank Sys tems.
Tank I m p e l l e r  I m p e l l e r  Tank
sys t em speed d i a m e t e r  d i a m e t e r
1 250 rpm 3 i n c h e s  11.5 i n c h e s
2 150 rpm 4 i n c h e s  11. 5  i n c h e s
3 200 rpm 4 i n c h e s  11. 5  i n c h e s
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s u i t a b i l i t y  o f  t h e  n o n i s o t r o p i c  model f o r  t h e  t u r b u l e n t  f l ow in s t i r r e d  
t a n k s  by compar ing t h e  c a l c u l a t e d  r e s u l t s  w i t h  t h e  measured v e l o c i t y  
p r o f i l e s  i n  t h e  t h r e e  s t i r r e d  t a n k  s ys t ems  from M u l v a h i l l ( 6 , Ch a p t e r  I ) .  
A l s o ,  P a t t e r s o n  and Wu' s  r e s u l t s ( 2 8 ,  Ch a p t e r  I I )  f o r  t h e  t u r b u l e n c e  
i n t e n s i t i e s  and en e r g y  d i s s i p a t i o n  r a t e s  i n  t h e  i m p e l l e r  s t r e a m o f  t h e i r  
a g i t a t e d  v e s s e l  w i l l  be used f o r  q u a l i t a t i v e  compar i son  of  t u r b u l e n c e  
f i e l d .
The SIMPLE a l g o r i t h m  was used f o r  t h e  s o l u t i o n  o f  t h e  go v e r n i n g  
e q u a t i o n s  f o r  t h e  t u r b u l e n t  f l ow in s t i r r e d  t a n k s ,  and t h e  t wo - d i me n s i o n a l  
s i m u l a t i o n  r e s u l t s  were  used f o r  i n i t i a l  e s t i m a t e s  in t h r e e - d i m e n s i o n a l  
c a l c u l a t i o n s .  Fo l l owi ng  s t a n d a r d  p r a c t i c e  in t h e  l i t e r a t u r e ,  t h e  
q u a n t i t i e s  were n o n d i m e n s i o n a l i z e d  a s  f o l l o w s :
= r / ^ D j )
= z/(SsDj)
= V/(nNDj)
= W /(ttNDj )
= U/(irNDj)
= k / ( N 2Dj2 )
e '  = e / ( N 3Di 2)
The a x i a l  d i s t a n c e  z i s  measur ed  from t h e  i m p e l l e r  p l a n e  w i t h  p o s i t i v e  
v a l u e s  above t h e  p l a n e  and n e g a t i v e  v a l u e s  below i t .  These  d i m e n s i o n l e s s  
v a r i a b l e s  a r e  used  i n  a l l  d i a g r a ms  o f  t h i s  c h a p t e r .  In t h i s  
n o n d i m e n s i o n a l i z a t i o n ,  t h e  i m p e l l e r  speed N and i m p e l l e r  d i a m e t e r  Dj a r e  
used  b e c a u s e  t h e y  a r e  i m p o r t a n t  i m p e l l e r  c h a r a c t e r i s t i c s  a s  d i s c u s s e d  in
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C h a p t e r  I I .  The c o n c e p t  o f  n o n d i m e n s i o n a l i z a t i o n  i s  p a r t i c u l a r  i m p o r t a n t  
f o r  i n i t i a l  e s t i m a t e s  f o r  k and z i n  t h e  c a l c u l a t i o n  t o  o b t a i n  a s o l u t i o n  
o f  t h e  t u r b u l e n t  f l ow in d i f f e r e n t  s t i r r e d  t a n k  s y s t e ms .  The i n i t i a l  
e s t i m a t e s  f o r  v a r i a b l e s  w i l l  be d i s c u s s e d  in t h e  s e c t i o n  d e a l i n g  w i t h  
c o n v e r g e n c e .
4 . 2 . 1  S o l u t i o n  from N o n i s o t r o p i c  Model
In t h i s  s u b s e c t i o n  we w i l l  p r e s e n t  t h e  t h r e e - d i m e n s i o n a l  s o l u t i o n  from 
t h e  n o n i s o t r o p i c  s i m u l a t i o n .  The v a r i a t i o n s  o f  v a r i a b l e s  i n  t h e
t a n g e n t i a l  d i r e c t i o n ,  r e s u l t i n g  f rom b a f f l e s ,  w i l l  be seen in t h i s
t h r e e - d i m e n s i o n a l  s o l u t i o n s .
4 . 2 . 1 . 1  V e l o c i t y  F i e l d  D e s c r i p t i o n
F i g u r e  I V - 1 shows t y p i c a l  r e s u l t  f o r  t h e  v e l o c i t y  v e c t o r s  on t h e  45° 
p l a n e ,  i . e .  t h e  r - z  p l a n e  c e n t e r e d  be t ween t h e  b a f f l e s ,  i n  Tank System 1. 
I t  i l l u s t r a t e s  t h e  c i r c u l a t i o n  o f  t h e  f l u i d  i n  a g i t a t e d  v e s s e l s .  The 
magni t ude  o f  t h e  r e s u l t a n t  v e l o c i t y  was o b t a i n e d  u s i n g  (V2+U2 ) z and t h e  
d i r e c t i o n  was t a n  *(U/V) .  These  v e l o c i t y  v e c t o r s  were  n o n d i m e n s i o n a l i z e d  
by d i v i d i n g  by t h e  i m p e l l e r  t i p  v e l o c i t y  Vt l -p=-nND^. As shown i n  t h e
f i g u r e ,  t h e  r a d i a l  v e l o c i t y  component s  domi n a t e  i n  t h e  i m p e l l e r  s t r ea m
w i t h  t h e  maximum magn i t ude  o f  a b o u t  0 . 6Vt l -p.  The r a d i a l  mot ion o f  t h e  
f l ow t u r n s  t o  t h e  a x i a l  d i r e c t i o n  i n  t h e  r e g i o n  n e a r  t h e  w a l l .  In t h i s  
wa l l  r e g i o n  t h e  maximum ma g n i t u d e s  o f  t h e  v e l c i t y  a r e  a b o u t  0 .15Vt ^p.  In 
t h e  r e g i o n s  n e a r  t h e  t o p  and bo t t om o f  t h e  v e s s e l ,  i . e .  z ' = ± 3 . 0 ,  r a d i a l  
mot ion i s  r e l a t i v e l y  domi nan t  and t h e  maximum magn i t ude  o f  t h e  v e l o c i t y  i s  
a b o u t  0.1V.  . . The f l ow i n  t h e  r e g i o n s  n e a r  t h e  c e n t e r l i n e  o f  t h e  t a n k  i st i p




F i g u r e  IV—1. The d i m e n s i o n l e s s  v e l o c i t y  v e c t o r s  on t h e  45° r - z
p l a n e  in Tank System 1.
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The v e l o c i t y  v e c t o r s  a r e  l a r g e s t  in t h e  j e t  zone and r e l a t i v e l y  smal l  in 
t h e  b u l k  r e g i o n .
I t  s hou l d  be p o i n t e d  o u t  t h a t  t h e  v e l o c i t y  v e c t o r s  a t  t h e  l o c a t i o n s
o u t s i d e  t h e  j e t  zone a r e  p o i n t i n g  t owar d  t h e  i m p e l l e r  s t r e a m.  Th i s  shows
t h a t  t h e r e  i s  an e n t r a i n m e n t  o f  t h e  f l u i d  in t h e  i m p e l l e r  s t r e a m.  Al s o ,
we can see  t h a t  t h e  f l ow i n  t h e  s t i r r e d  t a n k  i s  n o t  s ymmet r i ca l  ab o u t  t h e
i m p e l l e r  p l a n e .  T h i s  i s  c a u s ed  by t h e  t a n k  c o n s t r u c t i o n .  Ther e  i s  a
r o t a t i n g  i m p e l l e r  s h a f t  and f r e e  s u r f a c e  in t h e  upper  h a l f  o f  t h e  t a n k ,
b u t  i t  i s  t h e  t a n k  bo t t om in t h e  l ower  h a l f .  However ,  t h e r e  i s  symmetry
i n  t h e  j e t  zone ,  e s p e c i a l l y  in t h e  r e g i o n  c l o s e  t o  i m p e l l e r s .  The
r o t a t i n g  i m p e l l e r  d o m i n a t e s  t h i s  r e g i o n  and o v e r r i d e s  t h e  e f f e c t  f rom t h e
f l ow i n  b u l k  r e g i o n s .
F i g u r e  IV-2 i s  a t y p i c a l  t o p  vi ew o f  mean- f l ow v e l o c i t y  v e c t o r s  on t h e
r -8  p l a n e  a t  t h e  a x i a l  p o s i t i o n  z ' = 2 . 5  in Tank System 1.  At  t h i s
l o c a t i o n ,  t h e  f l ow i s  moving t owar d  t h e  c e n t e r l i n e  o f  t h e  v e s s e l .  I t  a l s o
shows t h a t  t h e  f l ow i s  ma i n l y  in t h e  t a n g e n t i a l  d i r e c t i o n  e x c e p t  i n  t h e
r e g i o n s  b e h i n d  t h e  b a f f l e s  where a r e c i r c u l a t i n g  f l ow i s  f ound .  Th i s
i n d i c a t e s  t h a t  t h e  f l u i d  mot ion  in a g i t a t e d  v e s s e l s  i s  a f f e c t e d  by t h e
b a f f l e s  and t h e  f l ow i s  t h r e e - d i m e s n i o n a l . The magn i t ude  o f  t h e  r e s u l t a n t
j- -1
v e l o c i t y  was o b t a i n e d  u s i n g  (W2+V2) 2 and t h e  d i r e c t i o n  was t an  (W/V).  
These  v e l o c i t y  v e c t o r s  were  a l s o  n o n d i m e n s i o n a l i z e d  w i t h  V. .  . Thet i p
v e l o c i t i e s  i n  t h e  t a n k  wa l l  r e g i o n  was found t o  be r e l a t i v e l y  smal l  w i t h  
magn i t ude  o f  a b o u t  0 . 0 4  t o  0 .08Vt i p  compared t o  t h e  maximum ma g n i t u d e s  of  
a b o u t  0.15V.  . away f rom t h e  wal l  and c e n t e r l i n e .  The minimum v e l o c i t i e st i p
w i t h  magn i t ude  o f  a b o u t  0 . 02Vt i p  were  found i n  t h e  r e g i o n s  c l o s e  t o  t h e  
c e n t e r l i n e  o f  t h e  t a n k  where  t h e  f l ow i s  ma i n l y  in t h e  a x i a l  d i r e c t i o n  as  






I m p e l l e r
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F i g u r e  IV-2.  The d i m e n s i o n l e s s  v e l o c i t y  v e c t o r s  on t h e  r - 6  p l an e
a t  t h e  l o c a t i o n  o f  z 1=2 . 5  in Tank System 1.
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4 . 2 . 1 . 2  T u r b u l e n c e  F i e l d  D e s c r i p t i o n
In t h i s  s u b s e c t i o n  we w i l l  d e s c r i b e  t h e  t u r b u l e n c e  f i e l d  f rom t h e  
t h r e e - d i m e n s i o n a l  s o l u t i o n s  o f  t h e  t u r b u l e n c e  k i n e t i c  en e r g y  and
d i s s i p a t i o n  r a t e .  F i g u r e  IV-3 p r e s e n t s  t h e  nond i mens i ona l  t u r b u l e n c e  
k i n e t i c  en e r g y  on t h e  r - 0  p l a n e  a t  z ' = 0 ,  t h e  p l a n e  o f  t h e  i m p e l l e r  i n  Tank
System 1.  The t u r b u l e n c e  k i n e t i c  ene r gy  c l o s e  t o  t h e  i m p e l l e r  t i p  i s  o v e r
t en  t i m e s  t h a t  in t h e  r e g i o n s  away from t h e  i m p e l l e r .  The v a r i a t i o n  o f
t h e  t u r b u l e n c e  en e r g y  a l o n g  t h e  0- d i r e c t i o n  i n  t h e  r e g i o n  c l o s e  t o  t h e
i m p e l l e r  i s  much s m a l l e r  t h a n  t h e  v a r i a t i o n  i n  t h e  wa l l  r e g i o n .  From 
F i g u r e  IV-3,  we see  t h a t  a t  r 1= 1 . 3  t h e  v a r i a t i o n  in t h e  0 - d i r e c t i o n  i s  
f rom 11 . 3  t o  11 . 8  ( o r  4%) w h i l e  t h e  v a r i a t i o n  a t  r ' = 3 . 3 3  i s  f rom 0 . 6 9 3  t o  
0 . 851  ( o r  19%).  T h i s  shows t h a t  b a f f l e s  make t h e  f l o w f i e l d  in an a g i t a t e d  
v e s s e l  become t h r e e - d i m e n s i o n a l .  P l o t s  f o r  t h e  d i s t r i b u t i o n  o f  t u r b u l e n c e  
k i n e t i c  en e r g y  on t h e  i m p e l l e r  p l a n e  i n  Tank System 2 and 3 a r e  g i v e n  in 
F i g u r e s  B- l  and B-2 o f  Appendix  B, and t h e s e  show t h e  same b e h a v i o r .
The c o n t o u r s  o f  t h e  t u r b u l e n c e  k i n e t i c  en e r g y  on t h e  45° r - z  p l a n e  in 
Tank System 1 were  drawn i n  F i g u r e  IV-4.  The t u r b u l e n c e  k i n e t i c  en e r g y  
c o n t o u r s  show t h a t  t h e  v a l u e s  o f  k 1 i n t h e  b u l k  r e g i o n  o f  Tank System 1
a r e  o f  t h e  o r d e r  o f  0 .2  which i s  s i g n i f i c a n t l y  l e s s  t h a n  t h o s e  i n  t h e
i m p e l l e r  s t r e a m where  t h e  v a l u e s  o f  k 1 a r e  a b o u t  5 . 0 .  I t  i s  w o r t h w h i l e  t o  
n o t i c e  t h a t  t h e  v a l u e s  o f  k ‘ a l o n g  t h e  t a n k  wa l l  show t h e  c o n t i n u a t i o n  o f  
t h e  i m p e l l e r  j e t ,  which i s  u s u a l l y  c o n s i d e r e d  t o  become a wal l  j e t  a f t e r  
i mp i ng i ng  on t h e  w a l l .  I t  i s  r e a s o n a b l e  t o  f i n d  t h a t  t h e  e n e r g y  c a r r i e d  
by t h e  wa l l  j e t  i s  s m a l l e r  t h a n  t h e  p r e c e d i n g  i m p e l l e r  j e t ,  s i n c e  t h e r e  i s  
no en e r g y  s o u r c e  o t h e r  t h a n  t h e  r o t a t i n g  i m p e l l e r .
From t h e  c o n t o u r  map o f  F i g u r e  IV-4,  we can a l s o  see  t h a t  t h e  v a l u e s  of  
t u r b u l e n c e  k i n e t i c  en e r g y  a t  t h e  c e n t e r l i n e  above t h e  i m p e l l e r  p l a n e  a r e
h i g h e r  t h a n  t h o s e  i n  t h e  c o r r e s p o n d i n g  r e g i o n  below t h e  i m p e l l e r .  T h i s  i s
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T  =  0 .1 3 3
Impeller
F i g u r e  IV-3.  T u r b u l e n c e  k i n e t i c  ene r gy  on t h e  r - 0  p l a n e  a t
z ' = 0 ,  t h e  i m p e l l e r  p l a n e ,  in Tank System 1.
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F i g u r e  IV-4.  Co n t o u r s  o f  t u r b u l e n c e  k i n e t i c  ene r gy  on t h e
45° p l a n e  in Tank System 1.
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t h e  en e r g y  from t h e  r o t a t i n g  i m p e l l e r  s h a f t .  Al s o ,  t h e  c o n t o u r s  a t  t h e  
t a n k  bot t om a r e  d i f f e r e n t  f rom t h o s e  a t  t h e  f r e e  s u r f a c e .  In a d d i t i o n ,  
t h e  c o n t o u r s  a r e  b a s i c a l l y  symmet r i ca l  in t h e  j e t  zone ,  b u t  become 
a s y mme t r i c a l  i n  t h e  b u l k  r e g i o n .
In F i g u r e  IV-5 t h e  f r o n t - v i e w  and b a c k - v i e w o f  t h e  b l o c k  d i ag r a ms  f o r  
t h e  n o n d i mens i ona l  t u r b u l e n c e  k i n e t i c  en e r g y  a r e  g i ven  on t h e  45° r - z  
p l a n e  f o r  Tank System 1.  The dominance o f  t h e  i m p e l l e r  j e t  in t h e  
t u r b u l e n c e  e n e r g y  o f  a g i t a t e d  v e s s e l s  c a n n o t  be e x p r e s s e d  b e t t e r  t h a n  t h e  
mount a i n  on t h e  p l o t .
The c o n t o u r s  and b l o c k  d i ag r a ms  o f  t h e  t u r b u l e n c e  k i n e t i c  ene r gy  on t h e  
45° r - z  p l a n e  i n  Tank System 2 and Tank System 3 a r e  l o c a t e d  in F i g u r e s  
B-3 t o  B-6  o f  Appendix B. They show compar ab l e  r e s u l t s  t h a t  most  o f  t h e  
t u r b u l e n c e  e n e r g y  i s  i n  t h e  i m p e l l e r  s t r e a m,  and t h e  r e ma i n i n g  en e r g y  in 
t h e  b u l k  r e g i o n s  i s  r e l a t i v e l y  s ma l l .  The t u r b u l e n c e  e n e r g y  i s  
t r a n s f e r r e d  from t h e  i m p e l l e r  j e t  t o  t h e  wa l l  j e t .  These  c o n t o u r  maps 
a l s o  show t h e  symmetry in t h e  j e t  zone and h i g h e r  t u r b u l e n c e  k i n e t i c  
e n e r g y  a r ound  t h e  i m p e l l e r  s h a f t .
The n o n d i mens i ona l  t u r b u l e n c e  e n e r g y  d i s s i p a t i o n  r a t e  o f  t h e  i m p e l l e r  
j e t  on t h e  r -0  p l a n e  i n  t h e  t h r e e  s t i r r e d  t a n k  s ys t ems  a r e  shown i n  F i g u r e
I V-6 , F i g u r e  B-7,  and F i g u r e  B-8 , r e s p e c t i v e l y .  We f i n d  t h a t  t h e  e n e r g y  
d i s s i p a t i o n  r a t e  f o r  t h e  r e g i o n  c l o s e  t o  t h e  i m p e l l e r  t i p  i s  much h i g h e r  
t h a n  t h e  d i s s i p a t i o n  r a t e  i n  t h e  r e g i o n s  away from t h e  i m p e l l e r .  Most  o f  
t h e  t u r b u l e n c e  k i n e t i c  e n e r g y  i s  consumed i n  t h e  r e g i o n  n e a r  t h e  i m p e l l e r  
t i p .  The v a r i a t i o n  o f  t h e  e n e r g y  d i s s i p a t i o n  r a t e  a l o n g  t h e  6- d i r e c t i o n  
ma t che s  t h e  v a r i a t i o n  o f  t h e  t u r b u l e n c e  k i n e t i c  e n e r g y .  I t  i s  w o r t h w h i l e  
t o  p o i n t  o u t  t h a t  b a f f l e s  a l s o  p l a y s  a r o l e  in consuming some t u r b u l e n c e  
k i n e t i c  en e r g y  a s  shown by t h e  v a l u e s  o f  1.02  n e a r  t h e  b a f f l e s  as  compared 
t o  0 . 7 2  on t h e  45° r - z  p l a n e .
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( a )  F r o n t  v iew
( b )  Back view
3.83 0Ir
F ig u r e  IV-5.  B lock  d i a g ra m s  o f  t u r b u l e n c e  en e rg y  on t h e
45° p l a n e  in  Tank System 1.
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z ’ =  0 .1 3 3
Imprflcr
F ig u r e  IV-6.  Energy d i s s i p a t i o n r a t e  o f  t h e  i m p e l l e r  s t r ea m
on t h e  r - 0  p l a n e  in Tank. System 1.
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The c o n t o u r s  f o r  t h e  d i s s i p a t i o n  r a t e s  of  t u r b u l e n c e  k i n e t i c  ene r gy  on 
t h e  45° r - z  p l a n e  in Tank System 1 a r e  d i s p l a y e d  in F i g u r e  IV-7.  I t  i s  no 
s u r p r i s e  t h a t  t h e  i m p e l l e r  s t r ea m a c c o u n t s  f o r  most  o f  t h e  t u r b u l e n c e  
e n e r g y  d i s s p a t i o n .  In t h e  r e s t  o f  t h e  a g i t a t e d  v e s s e l ,  t h e  d i s s i p a t i o n  
r a t e s  o f  t u r b u l e n c e  en e r g y  a r e  r e l a t i v e l y  s m a l l ,  i . e .  f rom 1.0  t o  0.1  as  
compared t o  4 . 0  t o  3 2 . 0  i n  t h e  i m p e l l e r  s t r e a m.  Th i s  mat ches  P a t t e r s o n  
and Wu' s o b s e r v a t i o n ( 2 8 ,  C h a p t e r  I I ) .
From t h e  c o n t o u r  map o f  F i g u r e  IV-7,  we can a l s o  see  t h a t  t h e  wal l  
r e g i o n ,  e s p e c i a l l y  n e a r  t h e  i m p e l l e r  p l a n e ,  d i s s i p a t e s  more t u r b u l e n c e  
e n e r g y  t h a n  t h e  o t h e r  r e g i o n s  o f  t h e  t a n k  e x c e p t  t h e  j e t  zone .  I m p e l l e r  
s h a f t  r e g i o n  a l s o  consumes more t u r b u l e n c e  ene r gy  t h a n  most  o f  t h e  b u l k  
r e g i o n .  In summary,  t h e  d i s t r i b u t i o n  o f  en e r g y  d i s s i p a t i o n  r a t e s  f o l l o w s  
t h e  same p a t t e r n  as  t h e  t u r b u l e n c e  en e r g y  d i s t r i b u t i o n .
The co mp l e t e  d i s t r i b u t i o n  o f  t h e  t u r b u l e n c e  en e r g y  d i s s i p a t i o n  r a t e s  in 
Tank System 1 can be more e a s i l y  seen from t h e  d i f f e r e n t  v i ews  of  b l o c k  
d i a g r a ms  in F i g u r e  IV-8 . As f o r  t h e  d i s t r i b u t i o n  o f  ene r gy  d i s s i p a t i o n  
r a t e s  in Tank System 2 and Tank System 3,  t h e y  a r e  d i s p l a y e d  in F i g u r e s  
B-9 t o  B-12.  Al l  o f  t h e s e  p l o t s  a r e  ve r y  s i m i l a r  t o  t h o s e  f o r  Tank System 
1 .
We have p r e s e n t e d  some t y p i c a l  r e s u l t s  f rom t h e  s o l u t i o n  o f  t h e  
g o v e r n i n g  e q u a t i o n s  w i t h  t h e  n o n i s o t r o p i c  t u r b u l e n c e  model .  In t h e  n e x t  
s e c t i o n  we w i l l  p r e s e n t  a compar i son  o f  t h i s  s o l u t i o n  w i t h  e x p e r i m e n t a l  
d a t a  f rom Mu l v ah i 11 ( 5 ,  Ch p a t e r  I )  f o r  v e l o c i t i e s  and from P a t t e r s o n  and 
Wu(28,  Ch a p t e r  I I )  f o r  t h e  t u r b u l e n c e  p a r a m e t e r s .
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45° p l a n e  in Tank System 1.
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F ig u r e  IV-8.  Block d i ag ra m s  o f  d i s s i p a t i o n  r a t e s  on t h e
45° p l a n e  in Tank System 1.
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4 . 2 . 2  V a l i d a t i o n  o f  N o n i s o t r o p i c  Model
In t h i s  s e c t i o n  we w i l l  compare t h e  t h r e e - d i m e n s i o n a l  s o l u t i o n  from t h e  
n o n i s o t r o p i c  s i m u l a t i o n  w i t h  e x p e r i m e n t a l  d a t a .  The d i s c u s s i o n  a bou t  t h e  
v e l o c i t y  f i e l d  w i l l  be f i r s t ,  and t h i s  w i l l  be f o l l o w e d  by t h e  t u r b u l e n c e  
f i e l d .
4 . 2 . 2 . 1  V e l o c i t y  F i e l d  V a l i d a t i o n
In F i g u r e  IV-9 t o  IV—11 t h e  v a r i a t i o n s  i n  t h e  t h r e e  v e l o c i t y  components  
a l o n g  t h e  6- d i r e c t i o n  a r e  g i ven  f o r  t h e  n o n i s o t r o p i c  s i m u l a t i o n ,  and t h e s e  
p r o f i l e s  a r e  compared w i t h  M u l v a h i l l ' s  e x p e r i m e n t a l  d a t a ( 6 , Ch a p t e r  I )  a t  
a r - z  l o c a t i o n  i n  t h e  b u l k  r e g i o n  o f  each  o f  t h e  t h r e e  t a n k  s ys t ems .  
A d d i t i o n a l  co mp a r i s o n s  a r e  g i ven  i n  F i g u r e s  IV-12 t h r o u g h  IV-14 f o r  t h e  
v e l o c i t y  p r o f i l e s  in t h e  r a d i a l  d i r e c t i o n  w i t h  M u l v a h i l l ' s  ( 6 , C h a p t e r  I )  
d a t a  on t h e  45° r - z  p l a n e .  As d i s c u s s e d  be l ow we w i l l  be a b l e  t o  co n c l u d e  
t h a t  t h e  n o n i s o t r o p i c  model  f i t s  t h e  e x p e r i m e n t a l  d a t a  t o  w i t h i n  t h e  
a c c u r a c y  o f  t h e  d a t a ,  and t h e  n o n i s o t r o p i c  s i m u l a t i o n  p r e d i c t s  t h e  
v e l o c i t y  f i e l d  in a g i t a t e d  v e s s e l s .
In F i g u r e  IV- 9 ,  c o mp a r i s o n s  o f  t h e  d i m e n s i o n l e s s  r a d i a l  v e l o c i t i e s  V' 
i n  t h e  6- d i r e c t i o n  f o r  t h r e e  v a l u e s  o f  r  and z a r e  made w i t h  e x p e r i me n t a l  
d a t a  f o r  t h r e e  t a n k  s y s t e ms .  The v e l o c i t y  p r o f i l e s  f o r  V1 g e n e r a l l y  f i t  
t h e  e x p e r i me n t a l  d a t a  w i t h i n  t h e  a c c u r a c y  o f  t h e  d a t a .  At  t h e s e  l o c a t i o n s  
t h e  r a d i a l  v e l o c i t y  V1 i s  n e g a t i v e  which means t h a t  t h e  f l ow i s  away from 
t h e  t a n k  wa l l  and t owar d  t o  t h e  c e n t e r l i n e  o f  t h e  v e s s e l s .  From t h e  t h r e e  
p l o t s  i n  F i g u r e  IV-9 ,  we can see  t h a t  t h e  v a r i a t i o n  o f  r a d i a l  v e l o c i t y  
a l o n g  t h e  6- d i r e c t i o n  i s  s i g n i f i c a n t .  B a f f l e s  a r e  l o c a t e d  a t  6 1 =0 and
0 1=90° ,  and t h e  i m p e l l e r  i s  r o t a t i n g  c o u n t e r - c l o c k w i s e .  From t h e  shape o f  
t h e  c u r v e s ,  we f i n d  t h e  l a r g e s t  cha nges  o c c u r  i n  t h e  r e g i o n s  n e a r  where 
b a f f l e s  a r e  l o c a t e d .
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In F i g u r e  IV-10,  co mp a r i s o n s  o f  t h e  d i m e n s i o n l e s s  t a n g e n t i a l  v e l o c i t i e s  
W1 a l ong  t h e  0- d i r e c t i o n  f o r  t h r e e  v a l u e s  o f  r  and z a r e  made w i t h  t h e
e x p e r i me n t a l  d a t a  f o r  t h e  t h r e e  t a n k  s y s t ems .  The v e l o c i t y  p r o f i l e s  f o r
W1 g e n e r a l l y  f i t  t h e  e x p e r i m e n t a l  d a t a  w i t h i n  t h e  a c c u r a c y  o f  t h e  d a t a ,  
and t h e  l a r g e s t  d e v i a t i o n  o c c u r s  i n  t h e  r e g i o n  c l o s e  t o  t h e  b a f f l e s  in 
Tank System 2.  Th i s  i s  p r o b a b l y  due more t o  i n t e r f e r e n c e  by t h e  ho t  wi r e  
anemometer  p robe  i n  t h e  v e l o c i t y  measurement  r a t h e r  t h a n  a model 
d e f i c i e n c y .  In t h e  c e n t e r  p l o t  o f  F i g u r e  IV-10,  we f i n d  t h e  c a l c u l a t e d  
t a n g e n t i a l  v e l o c i t i e s  in t h e  r ange  from 0° t o  10° ,  measured from b a f f l e s ,  
become n e g a t i v e ,  and t h i s  shows r e c i r c u l a t i n g  f l ow beh i nd  b a f f l e s .  Th i s  
phenomenon i s  r e a s o n a b l e ,  b u t  i s  no t  c o n f i r me d  by t h e  e x p e r i me n t a l  d a t a .
The v a r i a t i o n  o f  t a n g e n t i a l  v e l o c i t y  i n  t h e  0- d i r e c t i o n  i s  t h e  l a r g e s t  in
Tank System 2 and t h e  s m a l l e s t  i n  Tank System 3.
In F i g u r e  IV-11,  co mp a r i s o n s  f o r  t h e  d i m e n s i o n l e s s  a x i a l  v e l o c i t y  U1 
p r o f i l e s  a l ong  t h e  0- d i r e c t i o n  a r e  made w i t h  t h e  e x p e r i m e n t a l  d a t a  a t  a 
v a l u e  o f  r  and z f o r  each o f  t h e  t h r e e  t a n k  s y s t e ms .  The v a r i a t i o n  o f  t h e  
a x i a l  v e l o c i t y  a l o n g  t h e  0- d i r e c t i o n  i s  a l s o  d i s t i n c t  which i l l u s t r a t e s  
t h e  t h r e e - d i m e n s i o n a l  c h a r a c t e r  o f  t h e  f l ow.  In t h e  r e g i o n  c l o s e  t o  t a n k  
w a l l ,  e . g .  r ' = 3 . 4 6  i n  Tank System 1 and r ' = 2 . 6  in Tank System 2,  t h e  
e f f e c t  o f  b a f f l e s  t u r n i n g  t h e  f l ow i s  s een .  Al s o ,  t h e  a x i a l  v e l o c i t y  a t  
t h i s  l o c a t i o n  c l o s e  t o  t h e  f r o n t  f a c e  o f  b a f f l e  i s  h i g h e r  t h a n  t h e  a x i a l  
v e l o c i t y  on t h e  back  s i d e  o f  t h e  b a f f l e .
The p r e v i o u s  r e s u l t s  and d i s c u s s i o n  have shown t h e  t h r e e - d i m e n s i o n a l  
c h a r a c t e r  o f  t h e  f l o w ,  and t h a t  t h e  t h e o r e t i c a l  s o l u t i o n  o f  t h e  g o v e r n i n g  
e q u a t i o n s  w i t h  t h e  n o n i s o t r o p i c  t u r b u l e n c e  model a g r e e s  w i t h  t h e  
e x p e r i m e n t a l  d a t a  f o r  v a r i a t i o n  in t h e  0 - d i r e c t i o n .  We w i l l  now c o n t i n u e  
t h e  compar i son  o f  t h e  v e l o c i t y  p r o f i l e s  w i t h  t h e  d a t a  o f  Mu l v a h i l l
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( 6 , Ch a p t e r  I )  on t h e  45° p l a n e ,  i . e .  t h e  r - z  p l a n e  c e n t e r e d  between t h e  
two b a f f l e s .
In F i g u r e  IV-12,  t h e  r a d i a l  v e l o c i t y  V' p r o f i l e s  a r e  compared w i t h  
e x p e r i m e n t a l  d a t a  a l o n g  t h e  r - d i r e c t i o n  f o r  t h r e e  d i f f e r e n t  a x i a l
p o s i t i o n s  in t h e  b u l k  r e g i o n  o f  t h e  t h r e e  s t i r r e d  t a n k  s y s t e ms .  The 
measur ed  r a d i a l  v e l o c i t i e s  a r e  n e g a t i v e ,  and t h i s  shows t h a t  t h e  f l ow i s
r e c i r u l a t i n g  back  from t h e  t a n k  wa l l  t o  t h e  c e n t e r l i n e .  The c a l c u l a t e d
r a d i a l  v e l o c i t i e s  have t h e  same b e h a v i o r  in t h e  t h r e e  s t i r r e d  t a n k  
s y s t e ms .  In Tank Sys t ems  2 and 3,  t h e  numer i ca l  r e s u l t s  match t h e  
e x p e r i m e n t a l  d a t a  w i t h i n  t h e  a c c u r a c y  o f  t h e  d a t a .  In Tank System 1,  
however ,  t h e r e  i s  a n o t i c e a b l e  d i s c r e p a n c y  between t h e  e x p e r i me n t a l  d a t a  
and computed v e l o c i t y  a t  r ' = 1 . 0  t o  1 . 5 .  There  i s  no o bv i ous  e x p l a n a t i o n  
f o r  t h i s  d i s c r e p a n c y ,  and i t  i s  t h e  l a r g e s t  o b s e r v e d  i n  a l l  o f  t h e  
co mp a r s i o n s  w i t h  e x p e r i m e n t a l  d a t a .  I t  co u l d  be a probl em w i t h  probe  
i n t e r f e r e n c e  o r  i t  c o u l d  be a s s o c i a t e d  w i t h  t h e  a c c u r a c y  o f  t h e  numer i ca l  
s o l u t i o n  o r  a model  p a r a m e t e r .
In F i g u r e  I V - 13,  t h e  t a n g e n t i a l  v e l o c i t y  W1 p r o f i l e s  a r e  compared w i t h  
e x p e r i me n t a l  d a t a  a l o n g  t h e  r - d i r e c t i o n  f o r  t h r e e  t a n k  s y s t e ms .  The 
n umer i c a l  r e s u l t s  a g r e e  w i t h  t h e  d a t a ,  and t h e  l a r g e s t  d e v i a t i o n  o c c u r s  
n e a r  t h e  t a n k  wa l l  where  t h e r e  was p o s s i b l e  probe  i n t e r f e r e n c e  w i t h  t h e  
v e l o c i t y  measur ement .  The c a l c u l a t e d  t a n g e n t i a l  v e l o c i t i e s  a r e
c o n s i s t e n t l y  s l i g h t l y  h i g h e r  t h a n  t h e  e x p e r i m e n t a l  d a t a  whi ch co u l d  
i n d i c a t e  a r e q u i r e m e n t  f o r  t h e  f i n e  t u n i n g  o f  some t u r b u l e n c e  model 
p a r a m e t e r .
In F i g u r e  IV-14 t h e  a x i a l  v e l o c i t y  U' p r o f i l e s  a r e  compared w i t h  
e x p e r i me n t a l  d a t a  i n  t h e  r - d i r e c t i o n  f o r  t h r e e  d i f f e r e n t  a x i a l  p o s i t i o n s  
i n t h r e e  s t i r r e d  t a n k  s y s t e m s .  The numer i ca l  p r o f i l e s  show t h a t  t h e  f l ow 
i s  moving upward n e a r  t h e  t a n k  wa l l  and moving downward i n  t h e  r e g i o n  away
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from t h e  w a l l .  These  c a l c u l a t e d  r e s u l t s  match t h e  d a t a  i n  t h e  r e g i o n s  
where  r ' > 1 . 5 ,  i . e .  ab o u t  midway between c e n t e r l i n e  and t a n k  w a l l .  In t h e  
r e g i o n s  o f  r ' < 1 . 5 ,  i . e .  c l o s e  t o  t h e  c e n t e r l i n e  o f  t h e  t a n k ,  t h e  
c a l c u l a t e d  a x i a l  v e l o c i t i e s  a r e  n e g a t i v e ,  and t h e y  d e v i a t e  from t h e  
e x p e r i m e n t a l  d a t a .  The computed r e s u l t s  show t h e  f l ow moving t owar d  t h e  
i m p e l l e r  zone s o o n e r  t h a n  t h e  e x p e r i me n t a l  d a t a  show t h i s  down f l ow.  I t  
may be p o s s i b l e  t o  r e d u ce  t h i s  d e v i a t i o n  by f i n e - t u n i n g  some t u r b u l e n c e  
model  p a r a m e t e r .
We have shown t y p i c a l  co mp a r i s o n s  o f  t h e  computed p r o f i l e s  o f  t h e  t h r e e  
v e l o c i t y  component s  from t h e  n o n i s o t r o p i c  s i m u l a t i o n  r e s u l t s  w i t h  t h e  
e x p e r i m e n t a l  d a t a  f o r  t h r e e  t a n k  s ys t ems  on t h e  r - 0  and r - z  p l a n e s .  The 
v a l i d i t y  o f  t h e  c a l c u l a t e d  v e l o c i t y  f i e l d  f rom t h e  t h r e e - d i m e n s i o n a l  
n o n i s o t r o p i c  model was e s t a b l i s h e d  by t h e  compar i son  w i t h  t h e  e x p e r i m e n t a l  
d a t a  on 48 d a t a  p o i n t s .  The means o f  s t a n d a r d  e r r o r s  f o r  t h e  
d i m e n s i o n l e s s  r a d i a l ,  t a n g e n t i a l  and a x i a l  v e l o c i t y  component s  a r e  
0 . 0 0 2 2 9 ,  0 . 0 0 0 3 3 ,  and 0 . 0 0 3 5 6 ,  r e s p e c t i v e l y .  In n e x t  s e c t i o n ,  we w i l l  
d i s c u s s  t h e  v a l i d a t i o n  o f  t h e  t u r b u l e n c e  f i e l d .
4 . 2 . 2 . 2  T u r b u l e n c e  F i e l d  V a l i d a t i o n
Ther e  a r e  v e r y  l i m i t e d  e x p e r i me n t a l  r e s u l t s  f o r  t h e  t u r b u l e n c e  
i n t e n s i t i e s  and t u r b u l e n c e  en e r g y  d i s s i p a t i o n  r a t e s .  For  o u r  t a n k  
s y s t e m s ,  t h e  d a t a  o f  P a t t e r s o n  and Wu(28,  Ch a p t e r  I I )  i s  t h e  o n l y  s u i t a b l e  
f o r  even a q u a l i t a t i v e  co mp a r i s o n .  The t u r b u l e n c e  f i e l d  o b t a i n e d  from t h e  
n o n i s o t r o p i c  model w i l l  be used  f o r  compar i son  b e c a u s e  i t  d e s c r i b e d  t h e  
e x p e r i m e n t a l l y  measured  v e l o c i t y  p r o f i l e s .
The a x i a l  p r o f i l e s  o f  t h e  nond i mens i ona l  t u r b u l e n c e  k i n e t i c  en e r g y  in 
t h e  i m p e l l e r  s t r e a m a r e  d i s p l a y e d  in F i g u r e  IV-15.  Two d i f f e r e n t  r a d i a l  
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maximum i n  t h e  t u r b u l e n c e  k i n e t i c  e n e r g y  o c c u r s  a d j a c e n t  t o  t h e  i m p e l l e r  
t i p .  The t u r b u l e n c e  k i n e t i c  en e r g y  d i m i n i s h e s  q u i c k l y  above and below t h e
i m p e l l e r  s t r e a m.  Al s o ,  i t  d e c r e a s e s  w i t h  t h e  r a d i a l  d i r e c t i o n .  For  t h e
f l ow n e a r  t h e  i m p e l l e r ,  t h e  t u r b u l e n c e  k i n e t i c  e n e r g y  i s  b i g g e r  t h a n  t h a t
n e a r  t h e  h o r i z o n t a l  f a c e s  o f  i m p e l l e r  b l a d e s ,  a s  shown by t h e  p r o f i l e s  in
Tank System 1.  T h i s  r e f l e c t s  how j e t  has  s p r e a d  i n  t h e  r a d i a l  d i r e c t i o n .  
However,  a s  t h e  r a d i a l  d i s t a n c e  i s  i n c r e a s e d ,  t h e  t u r b u l e n c e  k i n e t i c  
e n e r g y  a l o n g  t h e  edge o f  t h e  j e t  become as  smal l  a s  t h a t  o f  t h e  f l ow in 
b u l k  r e g i o n s .  The t u r b u l e n c e  k i n e t i c  en e r g y  p r o f i l e s  f o r  Tank System 2 
and Tank System 3 a r e  compar ab l e  t o  t h o s e  f o r  Tank System 1.
The computed a x i a l  p r o f i l e s  o f  t h e  d i s s i p a t i o n  r a t e s  o f  t u r b u l e n c e  
k i n e t i c  en e r g y  in t h e  i m p e l l e r  j e t  a r e  d i s p l a y e d  i n  F i g u r e  IV-16.  Two 
d i f f e r e n t  r a d i a l  p o s i t i o n s  were  s e l e c t e d  f o r  each t a n k  s ys t em.  We f i n d  
t h a t  t h e  maximum d i s s i p a t i o n  r a t e s  a r e  a d j a c e n t  t o  t h e  i m p e l l e r  t i p ,  where 
t h e  maximum t u r b u l e n c e  k i n e t i c  en e r g y  o c c u r s .
In F i g u r e  IV-16 we show two c u r v e s  f o r  t h e  a x i a l  p r o f i l e s  o f  ene r gy  
d i s s i p a t i o n  r a t e s  i n  Tank System 2 and Tank System 3,  where  t h e  same 
i m p e l l e r  i s  used .  These  c u r v e s  a r e  f o r  t h e  same r a d i a l  p o s i t i o n  b u t  a t  
d i f f e r e n t  i m p e l l e r  s p e e d s .  We f i n d  two p r o f i l e s  o f  n o n d i m e n s i o n a l i z e d  
d i s s i p a t i o n  r a t e s  merge t o  one i n  t h e  b u l k  r e g i o n s  f o r  t h e  two r a d i a l  
p o s i t i o n s  shown.  T h i s  i m p l i e s  t h a t  w i t h  same s i z e  o f  i m p e l l e r s ,  t h e  
n o r m a l i z e d  ene r gy  d i s s i p a t i o n  r a t e s  i n  t h e  r e g i o n s  away f rom t h e  j e t  a r e  
i n d e p e n d e n t  o f  t h e  i m p e l l e r  s p e e d s .  P a t t e r s o n  and Wu(28,  C h a p t e r  I I )  
r e p o r t e d  s i m i l a r  r e s u l t s  b a s e d  on e x p e r i m e n t a l  d a t a  a s  men t i o n ed  i n  t h e  
second c h a p t e r .
P a t t e r s o n  and Wu(28,  C h a p t e r  I I )  measur ed  t u r b u l e n t  i n t e n s i t y  p r o f i l e s  
t h r o u g h  t h e  i m p e l l e r  r e g i o n  whi ch showed t h a t  t h e  f l u c t u a t i n g  component s  
o f  t h e  v e l o c i t i e s  i n  t h e  i m p e l l e r  s t r e a m  were  h i g h e r  t h a n  t h o s e  i n  t h e
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b u l k  r e g i o n .  The t u r b u l e n c e  k i n e t i c  ene r gy  i s  t h e  sum o f  t h e  s q u a r e  of  
t h r e e  v e l o c i t y  f l u c t u a t i o n s ,  and t h e  computed t u r b u l e n c e  k i n e t i c  ene rgy  
p r o f i l e s  in F i g u r e  IV—15 show t h i s  same b e h a v i o r .  For  t h e  ene r gy
d i s s i p a t i o n  r a t e ,  we were a b l e  t o  p r e p a r e  a compar i son  o f  our  computed 
r e s u l t s  w i t h  t h e i r  e x p e r i me n t a l  d a t a  i n  F i g u r e  I V- 17.  Both t h e  s i m u l a t i o n  
r e s u l t s  and t h e  e x p e r i me n t a l  d a t a  show t h a t  most  o f  t h e  t u r b u l e n c e  ene r gy  
in an a g i t a t e d  v e s s e l  i s  d i s s i p a t e d  in t h e  i m p e l l e r  s t r ea m and bo t h  c u r v e s  
have t h e  same shape .
In t h e  above d i s c u s s i o n  we showed t h a t  t h e  t u r b u l e n c e  f i e l d  o b t a i n e d
i
from t h e  t h r e e - d i m e n s i o n a l  n o n i s o t r o p i c  model q u a l i t a t i v e l y  mat ches  t h e  
e x p e r i m e n t a l  r e s u l t s  by P a t t e r s o n  and Wu(28,  Ch a p t e r  I I ) .  In t h e  nex t  
s e c t i o n ,  we w i l l  compare t h e  p e r f o r man c e  o f  t h e  t h r e e - d i m e n s i o n a l  
i s o t r o p i c  model  w i t h  t h e  n o n i s o t r o p i c  model by showing s o l u t i o n s  of  t h e  
g o v e r n i n g  e q u a t i o n s  w i t h  b o t h  o f  t h e s e  model s .
• 4 . 2 . 3  Compar i son o f  Two T h r e e - Di men s i o n a l  S i m u l a t i o n s
In Ch a p t e r  I I I  we p r opos e d  u s i n g  two t u r b u l e n c e  model s  f o r  t h e  f l ow in 
a g i t a t e d  v e s s e l s .  As d i s c u s s e d  p r e v i o u s l y ,  t h e  n o n i s o t r o p i c  model 
d e s c r i b e d  t h e  t h r e e - d i m e n s i o n a l  c h a r a t e r  o f  t h e  t u r b u l e n t  f l ow i n  b a f f l e d  
s t i r r e d  t a n k s .  The n o n i s o t r o p i c  t u r b u l e n c e  model i s  an e x t e n s i o n  o f  t h e  
i s o t r o p i c  t u r b u l e n c e  model  i n c o r p o r a t i n g  t h e  n o n i s o t r o p i c  c o n c e p t  o f  
exchange  c o e f f i c i e n t  r ^ ,  and i n  t h i s  s e c t i o n  a compar i son  i s  g i ven  f o r  t h e  
s i m u l a t i o n s  u s i n g  t h e s e  two model s .
In F i g u r e  IV—18,  t h e  d i m e n s i o n l e s s  r a d i a l  v e l o c i t y  p r o f i l e s  V1 a l ong  
t h e  0- d i r e c t i o n  a r e  compared f o r  t h e  s i m u l a t i o n s  u s i n g  t h e  n o n i s o t r o p i c  
and i s o t r o p i c  model a t  t h r e e  v a l u e s  o f  r  and z in t h e  t h r e e  t a n k  s ys t ems .  
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compared wi t h  e x p e r i me n t a l  d a t a .  As can be seen from t h e  compar i son  of  
model s  in F i g u r e  IV-18,  t h e  v e l o c i t y  p r o f i l e s  f o r  V1 u s i n g  t h e  i s o t r o p i c  
model were  l e s s  t han  t h e  v e l o c i t y  p r o f i l e s  w i t h  t h e  n o n i s o t r o p i c  model by 
as  much as  50% in each  o f  t h e  t h r e e  t a n k  s ys t ems .
In F i g u r e  I V- 19,  t h e  d i m e n s i o n l e s s  t a n g e n t i a l  v e l o c i t y  p r o f i l e s  W1
a l ong  t h e  0- d i r e c t i o n  a r e  compared a t  t h r e e  v a l u e s  o f  r  and z i n  t h r e e
t a n k  s y s t ems .  In t h i s  c a s e  t h e  v e l o c i t y  p r o f i l e s  f o r  W' u s i n g  t h e
i s o t r o p i c  model were g r e a t e r  t h a n  t h o s e  w i t h  t h e  n o n i s o t r o p i c  model by as  
much as  50% i n  each  o f  t h e  t h r e e  t a n k  s y s t ems .  T h i s  shows t h a t  t h e
n o n i s o t r o p i c  t u r b u l e n c e  model  a c c o u n t s  f o r  t h e  e f f e c t  o f  b a f f l e s  by 
p r e v e n t i n g  t h e  e x c e s s i v e  r o t a t i o n .
In F i g u r e  IV-20,  t h e  d i m e n s i o n l e s s  a x i a l  v e l o c i t y  p r o f i l e s  U1 a l o n g  t h e  
0- d i r e c t i o n  a r e  compared f o r  t h e  s i m u l a t i o n  u s i n g  t h e  n o n i s o t r o p i c  and 
i s o t r o p i c  model s  a t  t h r e e  v a l u e s  o f  r  and z in t h e  t h r e e  t a n k  s y s t e ms .  We 
f i n d  t h a t  t h e  a x i a l  v e l o c i t i e s  w i t h  t h e  i s o t r o p i c  model a r e  l ower  t h a n  
t h o s e  from t h e  n o n i s o t r o p i c  model  by 10% t o  100% i n t h e  t h r e e  t a n k  
s ys t ems .
A compar i son  o f  t h e  p r o f i l e s  f o r  t h e  t h r e e  v e l o c i t y  component s  a l ong  
t h e  r - d i r e c t i o n  o b t a i n e d  f rom t h e  two t h r e e - d i m e n s i o n a l  s i m u l a t i o n s  i s  
g i ven  in F i g u r e s  IV-21,  IV—22,  and IV-23 which a r e  compar ab l e  t o  t h e  
comp ar i s o n s  o f  t h e  v e l o c i t y  p r o f i l e s  w i t h  e x p e r i me n t a l  d a t a  g i v e n  in 
F i g u r e s  IV-12,  IV—13 and IV-14.  These  comp ar i s o n s  a r e  g e n e r a l l y  s i m i l a r  
t o  t h o s e  f o r  t h e  0 - p r o f i l e s .  The i s o t r o p i c  model p r e d i c t e d  h i g h e r  
t a n g e n t i a l  v e l o c i t i e s  and s m a l l e r  r a d i a l  and a x i a l  v e l o c i t i e s  t h a n  t h e  
n o n i s o t r o p i c  t u r b u l e n c e  model .  The t h r e e - d i m e n s i o n a l  n o n i s o t r o p i c  k-s  
model  i s  a b l e  t o  a c c o u n t  f o r  t h e  b a f f l i n g  e f f e c t s  by r e d u c i n g  t h e  r o t a t i o n  
o f  f l u i d  and by i n c r e a s i n g  t h e  v e r t i c a l  f l ow.  We c o n c l u d e  t h a t  t h e
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F ig u r e  IV-19.  T a n g e n t i a l  v e l o c i t y  p r o f i l e s  a lo n g  t h e  0 - d i r e c t i o n
o b t a i n e d  w i t h  two t h r e e - d i m e n s i o n a l  m ode l s .
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F ig u r e  IV-20.  A x ia l  v e l o c i t y  p r o f i l e s  a lo n g  t h e  0 - d i r e c t i o n
o b t a i n e d  w i t h  two t h r e e - d i m e n s i o n a l  mode ls .
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F i g u r e  IV-22.  T a n g e n t i a l  v e l o c i t y  p r o f i l e s  a l o n g  t h e  r - d i r e c t i o n  on t h e
45° p l a n e  o b t a i n e d  w i t h  two t h r e e - d i m e n s i o n a l  model s .
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F ig u r e  IV-23.  Ax ia l  v e l o c i t y  p r o f i l e s  a l o n g  t h e  r - d i r e c t i o n  on t h e
45° p l a n e  o b t a i n e d  w i t h  two t h r e e - d i m e n s i o n a l  models .
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i s o t r o p i c  t u r b u l e n c e  model i s  no t  a p p r o p r i a t e  t o  d e s c r i b e  t h e  t u r b u l e n t  
f l ow i n  b a f f l e d  s t i r r e d  t a n k s .
Be f o r e  we l e a v e  t h i s  d i s c u s s i o n  o f  t h e  t h r e e - d i m e n s i o n a l  s i m u l a t i o n s  
f o r  t h e  t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s ,  t h e  CPU t i me  o f  FPS-264 
s c i e n t i f i c  comput e r  used by t h e  s i m u l a t i o n s  w i t h  t h e  two model s  s h o u l d  be 
d i s c u s s e d .  In Tab l e  IV-2 ,  t h e  CPU t i me  i s  g i v e n  f o r  bo t h  model s  in t h e  
t h r e e  t a n k  s y s t ems ,  and we can see  t h a t  t h e  n o n i s o t r o p i c  s i m u l a t i o n
r e q u i r e d  ab o u t  1 . 7  t i me s  t h e  CPU t i me  t h a n  t h e  i s o t r o p i c  model .  T h i s  i s  
b e c a u s e  t h e  n o n i s o t r o p i c  model i s  more c o m p l i c a t e d  t h a n  t h e  i s o t r o p i c  
model w i t h  t h o s e  e x p r e s s i o n s  r e l a t e d  t o  t h e  v a r i o u s  v i s c o s i t y  component s
in t h e  g o v e r n i n g  e q u a t i o n s .  The r e a s o n  t h e  t h r e e - d i m e n s i o n a l  s i m u l a t i o n
r e q u i r e s  t h e  amount  o f  CPU t i me  shown in t h e  t a b l e  i s  t h a t  a s e t  o f  92 , 736  
o r  81 , 1 4 4  a l g e b r a i c  e q u a t i o n s  a r e  b e i n g  s o l v e d  i t e r a t i v e l y  f o r  Tank System 
1 o r  Tank Sys tems  2 and 3.  T y p i c a l l y  a s o l u t i o n  r e q u i r e s  a b o u t  650
i t e r a t i o n s  t o  conve r ge  from a good s t a r t i n g  p o i n t  p r o v i d e d  by a 
t wo - d i me n s i o n a l  s i m u l a t i o n .
4 . 3  Two-Dimensional  S i m u l a t i o n
The t wo - d i me n s i o n a l  s o l u t i o n s  o f  t h e  g o v e r n i n g  e q u a t i o n s  n e g l e c t  a l l  
t h e  g r a d i e n t s  o f  v a r i a b l e s  in t h e  t a n g e n t i a l  d i r e c t i o n .  T h i s  r e d u c e s  t h e  
number o f  i n d e p e n d e n t  v a r i a b l e s  by one ,  and i t  i s  an o r d e r  o f  magni t ude  
e a s i e r  probl em t o  s o l v e  a s  we have seen f rom t h e  l i t e r a t u r e  r e v i e w and 
t h i s  work.  However,  o m i s s i o n  o f  t h e  8 g r a d i e n t s  does  n o t  d e s c r i b e  t h e  
f l o w,  b u t  t h e s e  s o l u t i o n s  can s e r v e  a s  an a p p r o x i m a t i o n  t o  t h e  f l o w f i e l d .  
As we men t i oned  e a r l i e r ,  t h e  t h r e e - d i m e n s i o n a l  model s  were  d e v e l o p e d  from 
t h e  c o r r e s p o n d i n g  t w o - d i me n s i o n a l  mode l s .  Our ap p r o ach  was t o  d e r i v e  t h e  
d i f f e r e n t i a l  and d i s c r e t i z e d  g o v e r n i n g  e q u a t i o n s  and d e v e l o p  a comput e r
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Tabl e  IV-2.  CPU Time i n  Mi nut es  on FPS-264 f o r  Two 
T h r e e - Di men s i o n a l  S i m u l a t i o n s .
Tank System I s o t r o p i c  Model N o n i s o t r o p i c  Model
1 121 . 03  223 . 07
2 94 . 2 7  153.07
3 101 . 62  170 . 72
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code f o r  t h e  t h r e e - d i m e n s i o n a l  f l ow.  We used t h e  t wo - d i me n s i o n a l  
n umer i c a l  r e s u l t s  f o r  t h e  i n i t i a l  e s t i m a t e s  o f  t h e  v a r i a b l e s  in t h e  
t h r e e - d i m e n s i o n a l  c o m p u t a t i o n s  in o r d e r  t o  r e a c h  conve r ged  s o l u t i o n s  w i t h  
l e s s  comput e r  t i me .
The t w o - d i me n t i o n a l  s i m u l a t i o n  f o r  t h e  t u r b u l e n t  f l o w f i e l d  in a g i t a t e d  
v e s s e l s  has  i t s  own v a l u e  f o r  some a p p l i c a t i o n s  such a s  f e r m e n t a t i o n (  1) 
where  t h e  f l ow in t h e  j e t  zone i s  i m p o r t a n t  f o r  m i c r o b i o l o g i c a l  r e a s o n s .  
As we d i s c u s s e d  in t h e  p r e c e d i n g  s e c i o n  o f  t h i s  c h a p t e r ,  i t  happens  t h a t  
t h e  f l ow i n  t h i s  p a r t  o f  t h e  s t i r r e d  t a n k s  i s  domi na t ed  by t h e  r o t a t i n g  
i m p e l l e r ,  and t h e  t a n g e n t i a l  g r a d i e n t s  a r e  n e g l i g i b l e  t h e r e .  For such 
a p p l i c a t i o n s ,  t wo - d i m e n s i o n a l  s i m u l a t i o n  may be more p r a c t i c a l  t han  
t h r e e - d i m e n s i o n a l  s i m u l a t i o n  b e c a u s e  o f  t h e  s i g n i f i c a n t l y  r e duced  comput er  
t i me  and e f f o r t s .  R e c e n t l y ,  Robe r t s on  and U l b r e c h t ( l )  measur ed  t h e  s h e a r
r a t e s  in t h e  r e g i o n  n e a r  i m p e l l e r s  f o r  numerous c o m b i n a t i o n s  o f  i m p e l l e r
\
d i a m e t e r s  and r o t a t i n g  s p e e d s  in l a b o r a t o r y  s c a l e  f e r m e n t e r s  u s i n g  a 
p l a t i n u m  w i r e  a s  t h e  work i ng  e l e c t r o d e .  They used t h e  measured  s h e a r  
r a t e s  t o  o b t a i n  a ma x i mu m- s h e a r - r a t e  c o r r e l a t i o n  f o r  t h e  pu r p o s e  of  
s c a l e - u p .  They c l a i me d  a d i f f i c u l t y  t o  have a c c u r a t e  measurement  ca us ed  
by t h e  i on c o n c e n t r a t i o n  and d i f f u s i v i t y ( l ) .  Al s o ,  M u l v a h i l l ( 6 ,  Chap t e r  
I )  c o u l d  n o t  measure  t h e  t h e  v e l o c i t y  p r o f i l e s  in t h i s  r e g i o n  be c a u s e  t h e  
w i r e  o f  h o t  w i r e  anemometer  would b r e a k .
Wi t h o u t  t h e  d i f f i c u l t y  e n c o u n t e r e d  i n  e x p e r i m e n t s ,  numer i ca l  s i m u l a t i o n  
o f  t h e  f l ow can p r o v i d e  t h e  f l ow p a t t e r n s  n o t  o n l y  f o r  l a b - s c a l e  b u t  even 
f o r  p l a n t - s c a l e  r e a c t o r s .  As a r e s u l t ,  i t  i s  w o r t h w h i l e  t o  o b t a i n  t h e  
s i m u l a t i o n  r e s u l t s  f rom t wo - d i m e n s i o n a l  mode l s .  Computer  t i me  and s t o r a g e  
used i n  t wo - d i me n s i o n a l  c a l c u l a t i o n s  a r e  much l e s s  t h a n  t h o s e  r e q u i r e d  f o r  
t h r e e - d i m e n s i o n a l  c o m p u t a t i o n s ,  and we can a f f o r d  t o  compare t h e  
p e r f o r ma n c e  o f  more t u r b u l e n c e  model s  i n  t wo - d i me n s i o n a l  t han  in
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t h r e e - d i m e n s i o n a l  s i m u l a t i o n s .  In t h i s  r e s e a r c h ,  f o u r  t wo - d i me n s i o n a l  
model s  a r e  compared,  and t h e  d e t a i l s  o f  t h e s e  f o u r  t w o - d i me n s i o n a l  
s i m u l a t i o n s  w i l l  be g i v e n .
4 . 3 . 1  C o n s i d e r a t i o n  of  Drag E f f e c t s
R e s u l t s  f rom t h e  t w o - d i me n s i o n a l  s i m u l a t i o n  w i t h  t h e  s t a n d a r d  k-e model 
d i d  n o t  f i t  t h e  e x p e r i m e n t a l  d a t a .  I t  p r e d i c t e d  h i g h e r  v a l u e s  o f  t h e  
t a n g e n t i a l  v e l o c i t y  t han  t h e  e x p e r i me n t a l  d a t a .  Harvey and G r e a v e s ( 6 ,  
C h a p t e r  I I )  r e c o g n i z e d  t h i s  probl em and added a d r a g  t e r m in t h e  a n g u l a r  
momentum e q u a t i o n .  The e f f e c t  was t o  r e d u c e  t h e  t a n g e n t i a l  v e l o c i t y ,  and 
s i m u l a t e  t h e  b a f f l i n g  e f f e c t s  a r t i f i c i a l l y .  In t h i s  r e s e a r c h  we p r opos e d  
a d r a g  t e r m i n  t h e  j e t  zone and a n o t h e r  one f o r  t h e  f l ow i n  t h e  
r e c i r c u l a t i o n  r e g i o n ,  s i n c e  t h e  f l ows  i n  t h e s e  two a r e a s  a r e  ver y  
d i f f e r e n t .  These  d r ag  t e r ms  were  e x p r e s s e d  in e q u a t i o n s  ( I I I - 4 2 a , 4 2 b )  
where two d r a g  c o e f f i c i e n t s  were d e t e r m i n e d  by compar i son  w i t h  measured  
v e l o c i t y  p r o f i l e s .
F i g u r e s  IV-24 and IV-25 show how t h e  c a l c u l a t e d  v e l o c i t y  p r o f i l e s  in 
t h e  b u l k  r e g i o n  and j e t  zone o f  Tank System 1 a r e  changed  by ad d i n g  t h e  
two d r a g  t e r ms  i n  t h e  a n g u l a r  momentum e q u a t i o n  t o  a c c o u n t  f o r  t h e  
b a f f l i n g  e f f e c t s .  The r a d i a l  and a x i a l  v e l o c i t i e s  a r e  o n l y  s l i g h t l y  
changed ,  e i t h e r  i n c r e a s e d  o r  d e c r e a s e d .  T h i s  i s  b e c a u s e  t h e y  a r e  a f f e c t e d  
on l y  i n d i r e c t l y  by t h e  d r a g  t e rm i n  t h e  a n g u l a r  momentum e q u a t i o n .  For  
t h e  t a n g e n t i a l  v e l o c i t y  W1 in t h e  b u l k  r e g i o n ,  t h e r e  i s  a s i g n i f i c a n t l y  
d e c r e a s e  n e a r  t h e  t a n k  w a l l ,  b u t  t h e r e  i s  an i n c r e a s e  i n  t h o s e  p l a c e s  away 
f rom t h e  w a l l .  In t h e  d i s c h a r g e  f l ow r e g i o n ,  however ,  t h e  t a n g e n t i a l  
v e l o c i t y  from t h e  model w i t h  t h e  d r a g  t e r m i s  l e s s  t h a n  t h e  c o r r e s p o n d i n g  
v e l o c i t y  f rom t h e  model w i t h o u t  t h e  d r ag  t e r m.  From F i g u r e  B - 13 t o  B-16,
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F i g u r e  IV-24.  The d r a g  e f f e c t s  on v e l o c i t y  i n  t h e  b u l k  r e g i o n  o f
Tank System 1.  The number on t h e  l e f t  in p a r e n t h e s i s  
i s  Cpr j , and t h e  one on t h e  r i g h t  i s  Cgr t ) .
186





l '  = i
T a n k  S y s t e m  1
,
n ,Q>.  *, &
‘I I  V1..
-'iV ■
I iT. pe I I er*
j | a £ &
0  *
• s ': : .. .
1 0....
 !---------- 1-------:—i---------- 1 i i r
p- l  , 0 3  1 .  0  0  1 . ? ?  2 .  0  0  2 .  O P  3 . 0 0  3 . 0 0  4 . 0 0
1 . 3 0  —
W l.oo-
0. 00-
T a n k  S y s  *. e m  1
I r f i D e  ! I e r
.....
1  I l
.00 1.00 1. 00
T  ! 1 1
2 .  3 0  3 . 0 0  3 ,  0 0  *1. 0 0
0. OO-i 
0 . 1 0  
0 .  5 0
1
i /  - ° - H
— C• Zv —j
I
- 3 .  3 0 - j  
- 5 , 4 0  —L-
. 00
Z' = 0.1 
T a n k  S y s t e m  l





5 n 1 .  P 0 1» 5 p
 1 1 1 1
2 .  5 0  3 . 0 0  5 .  5 0  4 . 0 P
F i g u r e  IV-25.  The d r a g  e f f e c t s  on v e l o c i t y  i n  t h e  j e t  zone o f
Tank System 1.  The number on t h e  l e f t  i n  p a r e n t h e s i s  
i s  CD r j ’ and t h e  one on t h e  r i 9 ht  i s  CDr b .
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we a l s o  f i n d  t h e  d r ag  t e r m in t h e  a n g u l a r  momentum e q u a t i o n  c a u s e s  s i m i l a r  
changes  of  v e l o c i t y  in b o t h  j e t  zones  and b u l k  r e g i o n s  o f  Tank System 2 as  
wel l  as  Tank System 3.  The j u s t i f i c a t i o n  f o r  add i ng  t h e  d r ag  t e rms  t o  
d e s c r i b e  t h e  b a f f l i n g  e f f e c t s  i s  b a s e d  on o b t a i n i n g  a b e t t e r  f i t  t o  
e x p e r i me n t a l  d a t a .
The two d r ag  c o e f f i c i e n t s  Cprj . and C p ^  o f  E q u a t i o n s  ( I I I - 4 2 a , 42b)  
have t o  be d e t e r m i n e d  by compar ing numer i ca l  t a n g e n t i a l  v e l o c i t y  p r o f i l e s  
w i t h  t h o s e  from e x p e r i m e n t a l  d a t a .  A f t e r  t r y i n g  numerous p a i r s  o f  Cp^j  
and we found t h a t  t h e r e  was a good f i t  f o r  t h e  t a n g e n t i a l  v e l o c i t y
in b o t h  t h e  r e c i r c u l a t i o n  zone and d i s c h a r g e  s t r ea m f o r  a l l  t h r e e  t a n k  
sys t ems  when Cpr j  r a n g ed  be tween 1 / 200 and 1 / 300  and C p ^  between 1 . 0  and 
2 . 0 .  However ,  no op t i ma l  p a i r  f o r  (Cpr j ,  was f ° unc*-
A t y p i c a l  example  i s  g i v e n  i n  F i g u r e  IV-26 which shows t h e  computed 
t a n g e n t i a l  v e l o c i t y  component  f i t s  t h e  t a n g e n t i a l  j e t  w i t h  t h e  f i v e  p a i r s  
o f  d r a g  c o e f f i c i e n t s  l i s t e d  on t h e  f i g u r e  f o r  a l l  t h r e e  t a n k  s ys t ems .  
However,  f o r  t h e  b u l k  r e g i o n  none o f  f i v e  t a n g e n t i a l  v e l o c i t y  p r o f i l e s  f i t  
t h e  e x p e r i m e n t a l  d a t a ,  a s  shown in F i g u r e  IV-27 f o r  t h e  t h r e e  t a n k  
sy s t ems .  Some p a i r s  a r e  c l o s e r  t o  t h e  e x p e r i me n t a l  d a t a  t h a n  o t h e r s .  For 
exampl e ,  t h e  t a n g e n t i a l  v e l o c i t y  p r o f i l e s  a s s o c i a t e d  w i t h  t h e  p a i r  ( 1 / 2 5 0 ,  
2 . 0 )  i n  t h e  b u l k  r e g i o n  o f  Tank System 1 i s  c l o s e s t  t o  t h e  d a t a ;  In Tank 
System 3,  however ,  t h i s  p a i r  o f  d r a g  c o e f f i c i e n t s  l e a d s  t o  w o r s t  match 
among t h e  f i v e  p a i r s  o f  c o e f f i c i e n t s .  Faced w i t h  t h i s  s i t u a t i o n ,  we 
d e c i d e d  t o  use  t h e  v a l u e s  i n  t h e  mi dd l e  o f  t h e  r a n g e s  f o r  Cprj . and 
i . e . ,
Cpr j  = 1/250
CDrb = 1 , 5
in  t h e  t w o - d im e n s io n a l  i s o t r o p i c  model p ro p o se d  in  t h i s  r e s e a r c h .
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F i g u r e  IV-26.  The t a n g e n t i a l  v e l o c i t y  component  i n  t h e  j e t  zone f o r
t h r e e  t a n k  sys t ems  w i t h  f i v e  p a i r s  o f  d r ag  c o e f f i c i e n t s .
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F i g u r e  IV-27.  The t a n g e n t i a l  v e l o c i t y  in  t h e  b u l k  r e g i o n  o f  t h r e e
t a n k  sys tem s  w i t h  f i v e  p a i r s  o f  d r a g  c o e f f i c i e n t s .
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4 . 3 . 2  Comparison o f  Four Two-Dimensional  S im u l a t i o n s
In p r e v i o u s  s u b s e c t i o n ,  we have d e t e r m i n e d  t h e  two d r ag  c o e f f i c i e n t s  t o  
co mp l e t e  o u r  t wo - d i me n s i o n a l  i s o t r o p i c  model .  We can now compare t h e  
pe r f o r ma n c e  among t h e  f o u r  d i f f e r e n t  t wo - d i me n s i o n a l  t u r b u l e n c e  model s  
which a r e  g i v en  in Tab l e  IV-3.  Model 1 i s  t h e  i s o t r o p i c  t u r b u l e n c e  model 
and Model. 2 i s  t h e  n o n i s o t r o p i c  t u r b u l e n c e  model used in t h i s  work.  These  
two model s  i n c o r p o r a t e d  t h e  s w i r l i n g  e f f e c t s  and b a f f l i n g  e f f e c t s .  Model 
3 i s  t h e  one used by Harvey and G r e a v e s ( 6 ,  C h a p t e r  I I )  which d i d  not  
i n c l u d e  t h e  s w i r l i n g  e f f e c t s .  Model 4 i s  t h e  s t a n d a r d  k-s  t u r b u l e n c e  
model used by M i d d l e t o n ,  e t  a l . ( 5 ,  Ch a p t e r  I )  which d i d  no t  i n c l u d e  t h e  
s w i r l i n g  e f f e c t s  and b a f f l i n g  e f f e c t s .  However,  Mi d d l e t o n ,  e t  a l . ( 5 ,  
Ch a p t e r  I )  r e p o r t e d  a t h r e e - d i m e n s i o n a l  s i m u l a t i o n  w i t h  t h i s  model .  As 
l i s t e d  in Tab l e  IV-3,  model  c o e f f i c i e n t s  a r e  d i f f e r e n t  f o r  t h e s e  f o u r  
m o d e l s .
The r a d i a l  v e l o c i t y  p r o f i l e s  f rom t h e  i m p e l l e r  t i p  t o  t h e  t a n k  wa l l  a r e  
d i s p l a y e d  in F i g u r e  IV-28 a t  t h r e e  a x i a l  p o s i t i o n s  f o r  t h e  f o u r  
s i m u l a t i o n s  and t h e  t a n g e n t i a l  j e t .  These  p r o f i l e s  g i v e  t y p i c a l  r e s u l t s  
in t h e  j e t  zone ;  and t h e y  a r e  0 . 2 5 "  above t h e  3 " - i m p e l l e r  p l a n e  in Tank 
System 1,  0 . 1 5 "  above t h e  4 " - i m p e l l e r  p l a n e  i n  Tank System 2,  and 0 . 0 5 "  
above t h e  4 " - i m p e l l e r  p l a n e  i n  Tank System 3.  The r a d i a l  v e l o c i t y  
p r o f i l e s  f o r  a l l  f o u r  t u r b u l e n c e  model s  have t h e  same shape  b u t  
u n d e r p r e d i c t  t h e  t a n g e n t i a l  j e t  i n  a l l  t a n k  s y s t ems .  The d e v i a t i o n  
be t ween t h e  n umer i c a l  and a n a l y t i c a l  r a d i a l  v e l o c i t y  p r o f i l e s  i n c r e a s e  
w i t h  i n c r e a s i n g  r a d i a l  d i s t a n c e .  The d e v i a t i o n  n e a r  t h e  wa l l  may be 
e x p l a i n e d  p a r t i a l l y  by t h e  f a c t  t h a t  t h e  t a n g e n t i a l  j e t  does  n o t  d e s c r i b e  
t h e  f l ow i n  t h i s  r e g i o n .
Among t h e  f o u r  n umer i c a l  r a d i a l  v e l o c i t y  p r o f i l e s ,  t h e  n o n i s o t r o p i c  k-e 
model  (Model 2)  ma t ches  t h e  t a n g e n t i a l  j e t  b e t t e r  t han  t h r e e  o t h e r
191
Tab l e  IV-3.  D i f f e r e n c e s  o f  Four  V e r s i o n s  of  Two-Dimensional  
k-e T u r b u l e n c e  Model .
*
I s o t r o p y  S w i r l i n g  B a f f l i n g  Model
e f f e c t s  e f f e c t s  C o e f f i c i e n t s
Model I 4” Yes Yes
Model 2 No Yes
Model 3^ Yes No
Model 4 1*1 Yes No
Yes C = 
u
eqn ( 1 1 1 - 3 4 )
c r eqn ( 1 1 1 - 3 5 )
‘ 2= eqn ( 1 1 1 - 3 6 )
° r 0 . 8 7
o = s 1 . 3
Yes C =
u
eqn ( 1 1 1 - 3 4 )
c r eqn ( 1 1 1 - 3 5 )





Yes C = 
u
0 . 0 9
c r 1 . 43
C2= 1. 92






0 . 0 9
c r 1 . 44
‘ 2= 1. 92




The i s o t r o p i c  k-e model  p r o p o s e d  i n  t h i s  s t u d y .
The n o n i s o t r o p i c  k-e  model p r o p o s e d  i n  t h i s  s t u d y .
t :  The m o d i f i e d  k-e  model  by Harvey and G r e a v e s ( 6 ,  C h a p t e r  I I ) .
I :  The c l a s s i c  k-e model  by Launder  and S p a l d i n g ( 4 , Ch a p t e r  I I I ) .
*:  In Model 1 and 3 ,  t h e  b a f f l i n g  e f f e c t s  a r e  a c c o u n t e d  f o r  by 
ad d i n g  d r a g  t e r m s  i n  t h e  a n g u l a r  momentum e q u a t i o n .
In model  2,  e f f e c t s  a r e  c o n s i d e r e d  t h r o u g h  t h e  n o n i s o t r o p i c  
v i s c o s i t y  c o e f f i c i e n t .
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F ig u r e  IV-28.  Rad ia l  v e l o c i t y  a t  t h r e e  d i f f e r e n t  a x i a l  p o s i t i o n s
in  t h e  d i s c h a r g e  s t r ea m  of  t h r e e  t a n k  s y s t em s .
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i s o t r o p i c  k-e model s  i n  d i f f e r e n t  t a n k  s y s t e ms .  Model 3,  used by Harvey 
and G r e a v e s ( 6 ,  Ch a p t e r  I I ) ,  does  a s  p o o r l y  as  Model 4,  i . e .  t h e  c l a s s i c  
k-e t u r b u l e n c e  model .  Th i s  means t h e  s l i g h t  changes  i n  model 
c o e f f i c i e n t s ,  as  shown i n  Tab l e  IV-3 ,  and t h e  i n c l u s i o n  o f  t h e i r  d r ag  t e rm 
t o  a c c o u n t  f o r  t h e  b a f f l i n g  e f f e c t s  f a i l e d  t o  enhance  t h e  a c c u r a c y  o f  t h e  
r a d i a l  v e l o c i t y  component s  i n  t h e  d i s c h a r g e  s t r e a m.  On t h e  o t h e r  hand,  
Model 1,  which i n c o r p o r a t e d  t h e  s w i r l i n g  e f f e c t s  and b a f f l i n g  e f f e c t s ,  
p r o v i d e d  a b e t t e r  f i t  f o r  r a d i a l  v e l o c i t y  p r o f i l e s  t h a n  Model 3,  
e s p e c i a l l y  in Tank System 2 and Tank System 3,  where  4" i m p e l l e r  i s  used .
The r a d i a l  v e l o c i t y  p r o f i l e s  i n  t h e  b u l k  r e g i o n s  o f  t h r e e  t a n k  sys t ems  
a r e  d i s p l a y e d  i n  F i g u r e  IV-29.  Aga i n ,  t h r e e  d i f f e r e n t  a x i a l  p o s i t i o n s  a r e  
s e l e c t e d  t o  show t y p i c a l  r e s u l t s  f rom t h e  co mp a r i s o n s  between p r e d i c t e d  
v e l o c i t y  p r o f i l e s  and e x p e r i m e n t a l  d a t a .  The t h r e e  a x i a l  p o s i t i o n s  a r e  
4 . 5 "  above ,  3 . 7 5 "  above ,  and 2 . 2 5 "  above t h e  i m p e l l e r  p l a n e  o f  Tank System 
1,  Tank System 2,  and Tank System 3,  r e s p e c t i v e l y .  Among t h e  f o u r  
p r e d i c t e d  v e l o c i t y  p r o f i l e s ,  t h e  one f rom Model 4 has  a d i f f e r e n t  shape 
t han  t h r e e  o t h e r s  i n  Tank System 1 and Tank System 2.  The o t h e r  t h r e e  
p r o f i l e s  have same s h ap e s  i n  a l l  t h r e e  t a n k  s y s t e ms .  In Tank System 1,  we 
f i n d  t h e  r a d i a l  v e l o c i t y  p r o f i l e s  o b t a i n e d  f rom Model 1 and Model 2 f i t  
t h e  measured  d a t a  r e a s o n a b l y  w e l l .  In Tank System 2,  t h e  r a d i a l  v e l o c i t y  
p r o f i l e s  o f  Model 1 and Model 2 were c l o s e r  t o  t h e  e x p e r i me n t a l  d a t a  t h a n  
t h e  o t h e r  two model s .  As f o r  t h e  r a d i a l  v e l o c i t y  p r o f i l e s  i n  Tank System 
3,  t h e  f o u r  model s  had t h e  same s h ap e ,  b u t  none o f  them f i t  t h e  
e x p e r i m e n t a l  d a t a  v e r y  w e l l .
The p r o f i l e s  o f  t a n g e n t i a l  v e l o c i t y  W1 i n  t h e  j e t  zones  o f  t h r e e  t a n k  
s ys t ems  a r e  p l o t t e d  f o r  t h r e e  a x i a l  p o s i t i o n s  i n  F i g u r e  IV-30.  T h i s  
f i g u r e  shows t h a t  Model 4 o v e r e s t i m a t e s  t h e  t a n g e n t i a l  v e l o c i t y  
s i g n i f i c a n t l y  i n  a l l  c a s e s .  The p r o f i l e s  f o r  Model 1 and Model 3 p r o v i d e
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30.  T a n g e n t i a l  v e l o c i t y  a t  t h r e e  d i f f e r e n t  a x i a l  p o s i t i o n s
in t h e  d i s c h a r g e  s t r e a m  o f  t h r e e  t a n k  s y s t e m s .
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a good match t o  t h e  a n a l y t i c a l  t a n g e n t i a l  v e l o c i t y  p r o f i l e s  f o r  v a r i o u s
t a n k  s ys t ems ,  even t hough bo t h  model s  s l i g h t l y  o v e r e s t i m a t e  t h e  t a n g e n t i a l  
v e l o c i t y  in t h e  j e t  s t r e a m o f  Tank System 1 and u n d e r e s t i m a t e  them i n  Tank 
System 3.  Both o f  t h e s e  model s  have d r a g  t e rms  t o  a c c o u n t  f o r  t h e  
b a f f l i n g  e f f e c t s .  Model 1 g i v e s  a more a c c u r a t e  p r e d i c t i o n  o f  t h e
t a n g e n t i a l  v e l o c i t y  in t h e  j e t  zone o f  Tank System 3,  b u t  n e i t h e r  model  i s
s u p e r i o r  t o  t h e  o t h e r  one .  Model 2,  t h e  n o n i s o t r o p i c  k-e  model ,  i s  much 
b e t t e r  t han  t h e  s t a n d a r d  k - E  model ,  b u t  s t i l l  o v e r e s t i m a t e s  t h e  t a n g e n t i a l  
v e l o c i t y  in t h e  j e t  zone .  I t s  p r e d i c t i o n  o f  t h e  t a n g e n t i a l  v e l o c i t y  in
t h e  j e t  zone i s  worse  t h a n  t h e  i s o t r o p i c  t u r b u l e n c e  model s  w i t h
m o d i f i c a t i o n s  made f o r  t h e  a n g u l a r  momentum e q u a t i o n  by ad d i n g  dr ag  t e r m s .  
T h i s  i s  b ec aus e  t h e  r e d u c t i o n  o f  t a n g e n t i a l  v e l o c i t y  was made i n d i r e c t l y  
t h r o u g h  t h e  a n i s o t r o p y  in Model 2,  w h i l e  Model 1 and Model 3 p u r p o s e l y  
r e d u c e  t h e  v e l o c i t y  t h r o u g h  t h e  a n g u l a r  momentum e q u a t i o n .
F i g u r e  IV-31 d i s p l a y s  t h e  t a n g e n t i a l  v e l o c i t y  p r o f i l e s  i n  t h e  b u l k
r e g i o n s  of  a g i t a t e d  v e s s e l s .  Like i n  t h e  i m p e l l e r  s t r e a m ,  t h e  s t a n d a r d  
k-e model s i g n i f i c a n t l y  o v e r p r e d i c t  t h e  t a n g e n t i a l  v e l o c i t y .  The o t h e r  
t h r e e  model s  f i t  t h e  measur ed  p r o f i l e s  r e l a t i v e l y  w e l l .  Al l  o f  t h e  t h r e e  
model s  do e q u a l l y  w e l l .  Model 1 and Model 3 p e r f o r m b e t t e r  i n  t h e  p l a c e s  
away from t a n k  w a l l ,  b u t  Model 2 has  b e t t e r  match w i t h  e x p e r i m e n t a l  d a t a  
n e a r  t h e  t a n k  w a l 1.
For  t h e  a x i a l  v e l o c i t y  p r o f i l e s  i n  t h e  j e t  zone shown i n  F i g u r e  IV-32,  
t h e  s t a n d a r d  k-£ model i n  t h e  t h r e e  t a n k  s ys t ems  have a d i f f e r e n t  shape 
t h a n  t h e  t a n g e n t i a l  j e t .  The o t h e r  t h r e e  m o d i f i e d  v e r s i o n s  o f  k - E  model 
have same shape  p r o f i l e  o f  t h e  a x i a l  v e l o c i t y  f rom t h e  t a n g e n t i a l  j e t .  
These  t h r e e  mode l s ,  however ,  u n d e r e s t i m a t e  t h e  a x i a l  v e l o c i t y  away from 
t h e  t a n k  wal l  in a l l  t a n k  s y s t e ms .  In t h e  p o s i t i o n s  0 . 2 5 "  above t h e
i m p e l l e r  p l a n e  o f  Tank Sys tem 1 and 0 . 1 5 "  above t h e  i m p e l l e r  p l a n e  o f  Tank
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F ig u r e  IV-31.  T a n g e n t i a l  v e l o c i t y  a t  t h r e e  d i f f e r e n t  a x i a l  p o s i t i o n s
in  t h e  b u l k  r e g i o n s  o f  t h r e e  t a n k  s y s t e m s .
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F i g u r e  IV-32.  A x ia l  v e l o c i t y  a t  t h r e e  d i f f e r e n t  a x i a l  p o s i t i o n s
in  t h e  d i s c h a r g e  s t r e a m  o f  t h r e e  t a n k  s y s t e m s .
199
System 2,  t h e  a x i a l  v e l o c i t y  o b t a i n e d  f rom t h e  n o n i s o t r o p i c  k-s  model ,  
i . e .  Model 2,  matched t h e  a n a l y t i c a l  a x i a l  v e l o c i t y  p r o f i l e s  b e t t e r  t han  
t h o s e  from i s o t r o p i c  Model 1.  Al s o ,  Model 1 p e r f o r med  b e t t e r  t h a n  Model 
3 ,  which i s  used by Harvey and Gr e a v e s ( 6 ,  C h a p t e r  I ) .  In Tank System 3,  
t h e  a x i a l  v e l o c i t y  p r o f i l e s  from Model 1 t o  Model 3 a r e  b a s i c a l l y  t h e  
same.
F i g u r e  IV-33 d i s p l a y s  t h e  a x i a l  v e l o c i t y  p r o f i l e s  a t  t h r e e  d i f f e r e n t  
p o s i t i o n s  in t h e  b u l k  r e g i o n s  o f  t h r e e  t a n k  s y s t e ms .  Once a g a i n ,  Model 4 
behaves  d i f f e r e n t l y  t h a n  t h e  o t h e r  t h r e e  mode l s ,  and a l l  u n d e r e s t i m a t e  t h e  
a x i a l  v e l o c i t y .  In t h e  r e g i o n  away from t h e  t a n k  wa l l  o f  Tank System 1,  
t h e  a x i a l  v e l o c i t y  p r o f i l e s  p r e d i c t e d  by Model 3 a r e  c l o s e r  t o  t h e  
e x p e r i me n t a l  d a t a  t h a n  Model 1 and Model 2.  Near  t a n k  w a l l ,  however ,  
Model 1 and Model 2 p e r f o r m b e t t e r  t h a n  Model 3.  The same r e s u l t s  a r e  
o b s e r v e d  in Tank System 2 and Tank System 3.  From F i g u r e  IV-33 ,  we a l s o  
f i n d  t h e  a x i a l  v e l o c i t y  p r o f i l e s  p r e d i c t e d  by Model 1 and Model 2 a r e  ve r y  
c l o s e ,  e s p e c i a l l y  n e a r  t h e  t a n k  w a l l .
In summary,  we have p r e s e n t e d  co mp a r i s o n s  among t h e  d i f f e r e n t  v e l o c i t y  
p r o f i l e s  a t  d i f f e r e n t  l o c a t i o n s  in t h e  d i f f e r e n t  t a n k  s ys t ems  f o r  t h e  f o u r  
d i f f e r e n t  t wo - d i me n s i o n a l  model s .  We c o n c l u d e  t h a t  t h e  s t a n d a r d  k-e model 
i s  no t  s u i t a b l e  t o  d e s c r i b e  t h e  t u r b u l e n t  f l ow i n  i m p e l l e r - d r i v e n  b a f f l e d  
a g i t a t e d  v e s s e l s .  M o d i f i c a t i o n  o f  t h i s  t u r b u l e n c e  model i s  r e q u i r e d ,  and 
t h i s  was done in Model 1 and Model 3 by c h a n g i n g  t h e  model c o e f f i c i e n t s  
and add i ng  dr ag  t e r ms  i n  t h e  a n g u l a r  momentum e q u a t i o n s  t o  p u r p o s e l y  
r e d u c e  t h e  t a n g e n t i a l  v e l o c i t y .  These  two model s  gave a b e t t e r  f i t  t o  t h e  
d a t a .  From F i g u r e  IV-28 t o  IV-33,  we f i n d  g e n e r a l l y  Model 1 i s  a s l i g h t l y  
b e t t e r  t han  Model 3.  Model 1 c o n s i d e r e d  t h e  s w i r l i n g  e f f e c t s  and t h e  d r a g  
t e r ms  a s s o c i a t e d  w i t h  t h i s  model a r e  more e l a b o r a t e .  However,  Model 2,  
t h e  n o n i s o t r o p i c  t u r b u l e n c e  model ,  had t h e  b e s t  ag r eemen t  w i t h  t h e
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F ig u r e  IV-33.  Axia l  v e l o c i t y  a t  t h r e e  d i f f e r e n t  a x i a l  p o s i t i o n s
in  t h e  bulk, r e g i o n s  o f  t h r e e  t a n k  s y s t e m s .
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e x p e r i m e n t a l  d a t a .  Among t h e  v e l o c i t y  p r o f i l e s  shown i n  F i g u r e  IV-28 t o  
IV-33,  on l y  t h e  t a n g e n t i a l  v e l o c i t y  in t h e  i m p e l l e r  s t r e a m o b t a i n e d  from 
t h e  n o n i s o t r o p i c  t u r b u l e n c e  model d e v i a t e d  f u r t h e r  f rom t h e  t a n g e n t i a l  j e t  
t h a n  t h o s e  o b t a i n e d  f rom t h e  o t h e r  two m o d i f i e d  i s o t r o p i c  t u r b u l e n c e  
mode l s ,  i . e .  Model 1 and Model 3.  Ot h e r  t h a n  t h a t ,  t h e  n o n i s o t r o p i c  k-e 
model p e r f o r m b e t t e r  o r  a t  l e a s t  a s  good as  i t s  i s o t r o p i c  c o u n t e r p a r t s .  
T h i s  i s  t o  be e x p e c t e d ,  b e c a u s e  t h e  model i s  more r e a l i s t i c  f o r  d e s c r i b i n g  
t h e  s w i r l i n g  c h a r a c t e r  o f  t h e  f l o w f i e l d  in a g i t a t e d  v e s s e l s .  A l s o ,  Model 
2 in t h r e e - d i m e n s i o n a l  s i m u l a t i o n  matched t h e  e x p e r i m e n t a l  d a t a  much 
b e t t e r  t h a n  Model 1. In t h e  t wo - d i me n s i o n a l  a n a l y s i s ,  t h e  c a p a b i l i t y  t o  
d e s c r i b e  t h e  f l ow p a t t e r n s  by Model 1,  a f t e r  mo d i f i e d  w i t h  d r ag  t e r m s ,  i s  
c l o s e  t o  Model 2.
The compar i son  o f  d i f f e r e n t  model s  i s  n o t  c o mp l e t e  u n t i l  t h e i r  CPU
t i m e ,  l i s t e d  in T a b l e  IV-4 ,  i s  c o n s i d e r e d .  I t  i s  no s u r p r i s e  t h a t  t h e
t wo - d i me n s i o n a l  n o n i s o t r o p i c  model r e q u i r e d  more CPU t i me  t h a n  t h e  
i s o t r o p i c  mode l s ,  and t h i s  was t h e  same f o r  t h e  t h r e e - d i m e n s i o n a l  
s i m u l a t i o n .  The CPU t i me  f o r  t h e  two d i me n s i o n a l  s i m u l a t i o n s  r a nged  from 
3 . 1 3  t o  7 . 4 2  m i n u t e s  on t h e  IBM 3084,  and t h e  CPU t i me  f o r  t h e
t h r e e - d i m e n s i o n a l  s i m u l a t i o n s  r anged  from 9 4 . 27  t o  223 . 07  m i n u t e s  on t h e  
FPS-264 s c i e n t i f i c  compu t e r .
4 . 4  Compar i son o f  P r e v i o u s  S t u d i e s
The b e s t  way t o  e v a l u a t e  t h e  p e r f o r man c e  o f  d i f f e r e n t  t u r b u l e n c e  model s  
i s  t o  use  them i n  t h e  same sys t em t o  o b t a i n  numer i ca l  r e s u l t s  and compare 
t h e s e  r e s u l t s  w i t h  e x p e r i m e n t a l  d a t a .  In p r e v i o u s  s e c t i o n s ,  we have made 
compr e hens i ve  c o mp a r i s o n s  q u a n t i t a t i v e l y  among d i f f e r e n t  t u r b u l e n c e
model s .  Some o f  them were  used by o t h e r  i n v e s t i g a t o r s  t o  d e s c r i b e  t h e
202
Tab l e  IV-4.  CPU Time in Mi nu t es  on IBM 3084 f o r  Four  
Two-Dimens ional  S i m u l a t i o n s .
Tank System
Model 1 2 3 Model C h a r a c t e r i s t i c s
1 4 . 35 3 . 37 3 . 13 I s o t r o p i c ,  S w i r l i n g ,  B a f f l i n g
2 7 . 42 5 . 65 6 . 0 2 N o n i s o t r o p i c ,  S w i r l i n g ,  B a f f l i n g
3 4 . 13 3 . 6 5 3 . 62 I s o t r o p i c ,  B a f f l i n g
4 4 . 30 3 . 7 8 3 . 97 I s o t r o p i c
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t u r b u l e n t  f l ow in a g i t a t e d  v e s s e l s .  The r e s u l t  o f  t h e s e  c ompar i sons  was 
t h a t  t h e  n o n i s o t r o p i c  k-e t u r b u l e n c e  model i s  s u p e r i o r  t o  o t h e r  i s o t r o p i c  
k-s  model s  f o r  t h e  t u r b u l e n t  f l o w f i e l d  in a g i t a t e d  v e s s e l s .  However ,  t h e  
t u r b u l e n c e  model i s  on l y  p a r t  o f  t h e  numer i ca l  s i m u l a t i o n  f o r  t h e  
t u r b u l e n t  f l o w f i e l d ,  a s  i n d i c a t e d  in Ch a p t e r  I I I .  Ot h e r  e l e me n t s  in t h e  
s i m u l a t i o n  such as  boundary  c o n d i t i o n s  and numer i ca l  method a r e  a l s o  
i m p o r t a n t .  In t h i s  s e c t i o n ,  we w i l l  compare our  s i m u l a t i o n  w i t h  t h e  o t h e r  
s t u d i e s  on t h e  t u r b u l e n t  f l ow in a g i t a t e d  v e s s e l s .  Through t h e s e  
co m p a r i s o n s ,  we w i l l  e s t a b l i s h  how t h i s  r e s e a r c h  compares  wi t h  o t h e r  works 
and show o u r  c o n t r i b u t i o n  t o  e x t e n d  t h e  d e s c p t i o n  o f  t h e  t u r b u l e n t  f l ow in 
a g i t a t e d  v e s s e l s .
4 . 4 . 1  Thr e e - Di men s i o n a l  S i m u l a t i o n s
The work by Mi d d l e t o n ,  e t  a 1.  ( 5 ,  C h p a t e r  I )  i s  t h e  on l y  
t h r e e - d i m e n s i o n a l  s t u d y  on t h e  f l o w f i e l d  o f  a g i t a t e d  v e s s e l s  in t h e  
l i t e r a t u r e .  Tab l e  IV-5 l i s t e d  t h e  compar i son  o f  t h e i r  s t u d y  and t h i s  
r e s e a r c h  a s  t o  t h e  f o l l o w i n g  i m p o r t a n t  a s p e c t s  o f  s i m u l a t i o n :  t u r b u l e n c e
model ,  boundar y  c o n d i t i o n s  a t  t h e  t u r b i n e  b l a d e s ,  m a t e r i a l  b a l a n c e  of  t h e  
b a l d e - s w e p t  r e g i o n ,  n umer i c a l  t e c h n i q u e ,  and t h e  v a l i d a t i o n  o f  v e l o c i t y  
and t u r b u l e n c e  f i e l d s .
The N a v i e r - S t o k e s  e q u a t i o n s  were  used i n  b o t h  s t u d i e s ,  b u t  t h e  c l o s u r e  
model s  were  d i f f e r e n t .  M i d d l e t o n ,  e t  a l . ( 5 ,  Ch a p t e r  I )  used t h e  s t a n d a r d  
k-e t u r b u l e n c e  model which does  n o t  c o n s i d e r  t h e  e f f e c t s  o f  r o t a t i o n .  In 
t h i s  r e s e a r c h ,  we used two k - E  model s .  One i s  t h e  i s o t r o p i c  t u r b u l e n c e  
model ,  which i s  d i r e c t l y  mo d i f i e d  from t h e  s t a n d a r d  k - E  model by add i ng  
t h e  r o t a t i o n a l  e f f e c t s .  The o t h e r  i s  t h e  n o n i s o t r o p i c  t u r b u l e n c e  model 
whi ch a l l o w s  f o r  s i x  d i f f e r e n t  v i s c o s i t y  component s  and i s  a f l e x i b l e
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Tabl e  IV-5.  Compar i son o f  t h e  Thr e e - Di mens i ona l  S i m u l a t i o n s  f o r  t h e  
T u r b u l e n t  Flow in A g i t a t e d  Ve s s e l s  f o r  Mi d d l e t o n ,  e t  a l . 
( 5 ,  C h a p t e r  I )  and Th i s  Res ea r ch .
Mi d d l e t o n ,  e t  a l .  Th i s  r e s e a r c h
Tu r b u l e n c e
model
S t a n d a r d  i s o t r o p i c  
t w o - e q u a t i o n  model
Mod i f i ed  i s o t r o p i c  
and n o n i s o t r o p i c  
t w o - e q u a t i o n  model s
B.C.  a t  
i m p e l l e r  
b a l d e s
Las e r  v e l o c i m e t e r  
measurement
Z e r o - g r a d i e n t  
a s s u m p t i o n s  & 
t a n g e n t i a l  j e t
M a t e r i a l  
b a l a n c e  
in  b l a d e  
r e g i o n
Not r e p o r t e d Out f l ow r e q u i r e d  
t o  match i n f l o w
Numer ical
method
F i n i t e  domain method F i n i t e  domain method
V e l o c i t y  
f  i e l d
v a l i d a t i  on
Not r e p o r t e d Compar i son w i t h  
e x p e r i me n t a l  d a t a  
f o r  t h r e e  v e l o c i t y  
component s
T u r b u l e n c e
f i e l d
v a l i d a t i o n
Not r e p o r t e d Q u a l i t a t i v e  compar i son  
w i t h  e x p e r i me n t a l  d a t a  
i n  t h e  i m p e l l e r  s t r e a m
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e x t e n s i o n  o f  t h e  i s o t r o p i c  t u r b u l e n c e  model .  Through t h e s e  component s ,  we 
were  a b l e  t o  d e s c r i b e  a c c u r a t e l y  t h e  t u r b u l e n t  f l o w f i e l d  o f  a g i t a t e d  
v e s s e l s  by h i g h l i g h t i n g  t h e  s w i r l i n g  j e t  f rom t h e  r o t a t i o n a l  i m p e l l e r s  and 
t h e  b a f f l i n g  e f f e c t s  o f  t h e  f l ow p a t t e r n s .
The v a l u e s  o f  v a r i a b l e s  a t  t h e  t u r b i n e  b l a d e  p e r i p h e r y  a r e  needed as  
boundar y  c o n d i t i o n s  f o r  t h e  s o l u t i o n  o f  c o n s e r v a t i o n  e q u a t i o n s .  
Mi d d l e t o n ,  e t  a 1 . ( 5 ,  Ch a p t e r  I )  r e p o r t e d  t h a t  t h e s e  v a r i a b l e s  were 
measured  by t h e  l a s e r  anemometer .  In t h i s  r e s e a r c h ,  we used t h e  v a l u e s  
o b t a i n e d  from t h e  t a n g e n t i a l  j e t  a s  t h e  boundar y  c o n d i t i o n s  f o r  t h e  t h r e e  
v e l o c i t y  component s  a t  t h e  i m p e l l e r  t i p .  Z e r o - g r a d i e n t  a s s u mp t i o n s  f o r  
t u r b u l e n c e  p a r a m e t e r s  a t  t h e  i m p e l l e r  t i p  were made.  Assumpt i ons  such as  
z e r o - g r a d i e n t  o f  v a r i a b l e s  were a l s o  made t o  p r o v i d e  t h e  o t h e r  boundary 
c o n d i t i o n s .  Al s o ,  t h e  m a t e r i a l  b a l a n c e  i n  t h i s  r e g i o n  must  be m a i n t a i n e d .  
M i d d l e t o n ,  e t  a l . ( 5 ,  C h a p t e r  I )  d i d  n o t  r e p o r t  t h a t  t h e  m a t e r i a l  b a l a n c e  
has  been c o n s i d e r e d  when t h e y  s p e c i f i e d  t h e  boundar y  c o n d i t i o n s  f o r  t h e  
v a r i a b l e s  i n  t h e  b l a d e - s w e p t  r e g i o n .  In t h i s  r e s e a r c h ,  t h e  m a t e r i a l  
b a l a n c e  i s  r e q u i r e d  t o  be s a t i s f i e d .
The numer i c a l  t e c h n i q u e  used in b o t h  s t u d i e s  i s  t h e  same,  i . e .  t h e  
f i n i t e  domain method.  The o n l y  c a l c u l a t e d  r e s u l t s  f o r  t h e  f l o w f i e l d  
r e p o r t e d  by Mi d d l e t o n ,  e t  a l . ( 5 ,  C h a p t e r  I )  were  shown i n  F i g u r e  I I - l ,  and 
no compar i son  w i t h  e x p e r i m e n t a l  d a t a  was r e p o r t e d  t o  v a l i d a t e  t h e i r  
s o l u t i o n .  In t h i s  r e s e a r c h ,  we used Mu l v ah i 1 1 1s ( 6 ,  Ch a p t e r  I )  v e l o c i t y  
mesurement s  f o r  q u a n t i t a t i v e  comp ar i s o n s  and P a t t e r s o n  and Wu ' s (28 ,  
C h a p t e r  I I )  d a t a  o f  t u r b u l e n c e  i n t e n s i t i e s  and en e r g y  d i s s i p a t i o n  r a t e s  in 
t h e  i m p e l l e r  s t r e a m f o r  q u a l i t a t i v e  c o mp a r i s o n s .  I t  was n o t  f e a s i b l e  t o  
make a d i r e c t  compar i son  between t h e s e  two t h r e e - d i m e n s i o n a l  s i m u l a t i o n  
s t u d i e s ,  b u t  t h e r e  i s  q u a l i t a t i v e  ag r eemen t  i n  t h e  shape o f  v e l o c i t y
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v e c t o r s  as  shown by exami ni ng  F i g u r e s  IV-1 and IV-2 f o r  t h i s  r e s e a r c h  and 
F i g u r e  I I - l  f o r  t h e  s t u d y  o f  Mi d d l e t o n ,  e t  a l . ( 5 ,  C h a p t e r  I ) .
4 . 4 . 2  Two-Dimensional  S i m u l a t i o n s
Even t hough  t h e  f l ow i n  a g i t a t e d  v e s s e l s  a r e  t h r e e - d i m e n s i o n a l ,  t h e  
t wo - d i me n s i o n a l  a x i s y m m e t r i c a l  s i m u l a t i o n s  have been used b ecaus e  t h e  
g o v e r n i n g  e q u a t i o n s  a r e  e a s i e r  t o  s o l v e .  Tab l e  IV-6 i l l u s t r a t e s  t h e  
d e t a i l s  o f  d i f f e r e n t  t w o - d i me n s i o n a l  s i m u l a t i o n s  f o r  t h e  t u r b u l e n t  f l ow in 
a g i t a t e d  v e s s e l s .
As shown in Tab l e  IV-6,  t h e  t u r b u l e n c e  model s  used in t h e s e  
t wo - d i me n s i o n a l  s i m u l a t i o n s  a r e  d i f f e r e n t .  Some o f  t h e  d e t a i l s  a bou t  
t h e s e  t u r b u l e n c e  model s  were p r o v i d e d  i n  p r e v i o u s  c h a p t e r s  and were 
summarized i n  Tab l e  IV-3.  In t h i s  r e s e a r c h  we used a l l  t h e s e  t u r b u l e n c e  
model s  e x c e p t  t h e  i s o t r o p i c  t h r e e - e q u a t i o n  t u r b u l e n c e  model by P l a c e k ,  e t  
a l . ( 1 2 ,  C h a p t e r  I I ) .  T h i s  t h r e e - e q u a t i o n  t u r b u l e n c e  model had two 
t r a n s p o r t  e q u a t i o n s  f o r  t h e  t u r b u l e n t  k i n e t i c  e n e r g y  a s  shown i n  Chap t e r  
I I .
P l a t z e r ( l l ,  C h a p t e r  I I )  and P l a c e k ,  e t  a l . ( 1 2 ,  Ch a p t e r  I I )  d i d  no t  
c o n s i d e r  t h e  b a f f l i n g  e f f e c t s  in t h e i r  n umer i ca l  s i m u l a t i o n .  Harvey and 
G r e a v e s ( 1 0 ,  Ch a p t e r  I I )  used a d r ag  t e r m f o r  t h i s  p u r p o s e .  In our  
r e s e a r c h ,  we used d r a g  t e r ms  i n  t h e  i s o t r o p i c  model  and t h e  d i f f e r e n t  
v i s c o s i t y  component s  i n  t h e  n o n i s o t r o p i c  model  t o  a c c o u n t  f o r  t h e  b a f f l i n g  
e f f e c t s .
As d i s c u s s e d  i n  t h e  p r e v i o u s  s u b s e c t i o n ,  t h e  boundar y  c o n d i t i o n s  on t h e  
p e r i p h e r y  o f  t h e  i m p e l l e r  b a l d e s  a r e  r e q u i r e d .  Harvey and Gr e a v e s ( 1 0 ,  
C h a p t e r  I I )  made a s s u m p t i o n s  such a s  z e r o - g r a d i e n t  t o  p r o v i d e  t h e  
n e c e s s a r y  boundary  c o n d i t i o n s .  In t h i s  r e s e a r c h  and P l a t z e r ' s  w o r k ( l l ,
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T a b l e  IV-6.  Compar i son o f  t h e  Two-Dimensional  S i m u l a t i o n s  f o r  t h e  
T u r b u l e n t  Flow in A g i t a t e d  V e s s e l s  f o r  P l a t z e r ( l l ,  
Ch a p t e r  I I ) ,  P l a c e k ,  e t  a l . ( 1 2 ,  C h a p t e r l l ) ,  Harvey and 
Gr e a v e s ( 1 0 ,  C h a p t e r  I I ) ,  and t h i s  r e s e a r c h .
P l a t z e r P l a c e k ,  e t  a l . Harvey and 
Greaves
T h i s
r e s e a r c h
T u r b u l e n c e
model
S t a n d a r d  
i s o t r o p i c  
t w o - e q u a t i o n  
model
Modi f i e d  
i s o t r o p i  c 
t h r e e - e q u a t i o n  
model
Modi f i ed  
i s o t r o p i c  
t w o - e q u a t i  on 
model
Modi f i e d  
i s o t r o p i c  & 
noni  s o t r o p i c  
t w o - e q u a t i o n  
model s
B a f f l i n g
e f f e c t s
Not c o n s i d e r e d Not c o n s i d e r e d Cons i de r ed  
w i t h  a d r ag  
t e rm
Co n s i d e r e d  
w i t h  dr ag  
t e rms  and 
noni  s o t r o p y
B.C.  a t  
i m p e l l e r  
b l a d e s
Z e r o - g r a d i  e n t  
a s s u m p t i o n s  
& t a n g e n t i a l  
j e t
Z e r o - g r a d i  e n t  
a s sumpt i  ons 
& t r a i 1 i ng 
v o r t e x  model
Assumpt i  ons 
( e . g .  z e r o -  
g r a d i e n t s )
Z e r o - g r a d i e n t  
a s s u m p t i o n s  




St r eam f u n c t i o n  
and v o r t i c i t y  
t r a n s f o r m a t i o n s
St r eam f u n c t i o n  
and v o r t i c i t y  
t r a n s f o r m a t i o n s
Fi n i  t e  
domain 
method
F i n i t e  
domai n 
method
V e l o c i t y  
f  i e l d
v a l i d a t i o n
For t h r e e
v e l o c i t y
component s
For t h e
r e s u l t a n t
v e l o c i t y
For t h r e e
v e l o c i t y
component s
For t h r e e
v e l o c i t y
component s
T u r b u l e n c e
f i e l d
v a l i d a t i o n
Q u a l i t a t i v e  & 
p a r t l y
q u a n t i t a t i v e
Q u a l i t a t i v e Q u a l i t a t i v e Q u a l i t a t i v e
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C h a p t e r  I I )  t h e  t a n g e n t i a l  j e t  model was used t o  o b t a i n  v a l u e s  a t  t h e
i m p e l l e r  t i p .  However ,  P l a c e k ,  e t  a l . ( 1 2 ,  Ch a p t e r  I I )  used t h e
c o m p l i c a t e d  i m p l i c i t  t r a i l i n g  v o r t e x  model .  When t h e  boundary  c o n d i t i o n s  
a r e  s p e c i f i e d  f o r  t h e  i m p e l l e r  p e r i p h e r y ,  t h e  m a t e r i a l  b a l a n c e  o v e r  t h e  
b l a d e - s w e p t  r e g i o n  must  be s a t i f i e d .  However ,  t h e  p r e v i o u s  s t u d i e s  d i d  
n o t  r e p o r t  how t h e  m a t e r i a l  b a l a n c e  was s a t i s f i e d .
Two numer i ca l  t e c h n i q u e s  were used t o  s o l v e  c o n s e r v a t i o n  e q u a t i o n s .  
They were  t h e  s t r e a m f u n t i o n  and v o r t i c i t y  t r a n s f o r m a t i o n s  used by
P l a t z e r ( l l ,  Ch a p t e r  I I )  and P l a c e k ,  e t  a l . ( 1 2 ,  Ch a p t e r  I I )  and t h e  f i n i t e  
domain method used  by Harvey and Gr e a v e s ( 1 0 ,  Ch a p t e r  I I )  and t h i s  s t u d y .  
The s t r e a m f u n c t i o n  and v o r t i c i t y  t r a n s f o r m a t i o n s  e l i m i n a t e  t h e  
c a l c u l a t i o n  f o r  p r e s s u r e  f i e l d ,  b u t  t h i s  method c a n n o t  be e x t e n d e d  t o
t h r e e - d i m e n s i o n a l  f l o w f i e l d s .  The f i n i t e  domain method needs  t o  s o l v e  f o r  
t h e  p r e s s u r e  f i e l d ,  b u t  i t  i s  s t r a i g h t f o r w a r d  t o  e x t e n d  t h e  s o l u t i o n  
p r o c e d u r e  f rom t wo - d i me n s i o n a l  t o  t h r e e - d i m e n s i o n a l  as  we have done in 
t h i s  r e s e a r c h .
Al l  o f  t h e s e  f o u r  t wo - d i m e n s i o n a l  s i m u l a t i o n  s t u d i e s  had co mp a r i s o n s  of  
computed r e s u l t s  and e x p e r i m e n t a l  d a t a .  The v e l o c i t y  f i e l d  v a l i d a t i o n  
made by P l a c e k ,  e t  a l . ( 1 2 ,  Ch a p t e r  I I )  was f o r  t h e  r e s u l t a n t  v e l o c i t y .  In 
t h e  o t h e r  t h r e e  s t u d i e s ,  t h e  v a l i d a t i o n  o f  v e l o c i t y  f i e l d  was made t h r o u g h  
t h e  c o mp a r i s o n s  f o r  t h e  t h r e e  v e l o c i t y  component s .  As f o r  t h e  t u r b u l e n c e  
f i e l d  v a l i d a t i o n ,  q u a l i t a t i v e  c o mp a r i s o n s  were made in a l l  s t u d i e s .  
P l a t z e r ( l l ,  C h a p t e r  I I )  made t h e  o n l y  q u a n t i t a t i v e  compar i son  f o r  t h e  
t u r b u l e n c e  k i n e t i c  e n e r g y  in t h e  b u l k  r e g i o n  w i t h  h i s  d a t a  which showed 
q u a l i t a t i v e  a g r e e me n t .
I t  was n o t  f e a s i b l e  t o  make a c o n c l u s i o n  t h a t  some t wo - d i me n s i o n a l  
s i m u l a t i o n  i s  s u p e r i o r  t o  t h e  o t h e r s ,  s i n c e  t h e  t w o - d i me n s i o n a l  s i m u l a t i o n  
i n h e r e n t l y  l e a d  t o  t h e  d i s c r e p a n c i e s  be t ween e x p e r i me n t a l  d a t a  and
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computed r e s u l t s  due t o  t h e  omi s s i o n  o f  t h e  0 - g r a d i e n t s .  However ,  f rom 
t h e  above comp ar i s o n s  f o r  d i f f e r e n t  t wo - d i me n s i o n a l  s i m u l a t i o n s ,  we s t i l l  
can make some s u g g e s t i o n s  f o r  a good t wo - d i me n s i o n a l  a p p r o x i m a t e  s t u d y  f o r  
t h e  f l o w f i e l d  in a g i t a t e d  v e s s e l s  i n  t h e  f u t u r e .  F i r s t ,  t h e  n o n i s o t r o p i c  
model o r  t h e  i s o t r o p i c  model  w i t h  t h e  d r ag  t e rms  t o  a c c o u n t  f o r  t h e  
b a f f l i n g  e f f e c t s  shou l d  be us ed .  Al s o ,  t h e  boundary  c o n d i t i o n s  a t  t h e  
t u r b i n e  p e r i p h e r y  must  be c a r e f u l l y  s p e c i f i e d  so t h a t  t h e  m a t e r i a l  b a l a n c e  
would be s a t i s f i e d .  In a d d i t i o n ,  t h e  f l e x i b l e  f i n i t e  domain method i s  a 
b e t t e r  c h o i c e  t h a n  t h e  s t r ea m f u n c t i o n  and v o r t i c i t y  t r a n s f o r m a t i o n s .
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F i n a l l y ,  t h e  s i m u l a t i o n  s t u d i e s  r e q u i r e  more e x p e r i m e n t a l  d a t a ,  e s p e c i a l l y  
t u r b u l e n c e  k i n e t i c  e n e r g y  and d i s s i p a t i o n  r a t e ,  f o r  t h e  v a l i d a t i o n  
p u r p o s e .
4 . 5  Convergence and Accuracy
The con v e r g e n c e  o f  t h e  n umer i c a l  s o l u t i o n  i s  measured  by how wel l  t h e  
c o n t i n u i t y  e q u a t i o n  i s  s a t i s f i e d  a s  d i s c u s s e d  i n  Ch a p t e r  I I I .  The 
a c c u r a c y  o f  t h e  numer i ca l  s o l u t i o n  i s  measured by how we l l  r e s u l t s  compare 
a t  t h e  same g r i d  p o i n t  f o r  d i f f e r e n t  s i z e  g r i d s .  The a c c u r a c y  o f  t h e  
s i m u l a t i o n  i s  measured  by how we l l  t h e  s o l u t i o n  compares  w i t h  e x p e r i m e n t a l  
d a t a .  The f i r s t  compar i son  e s t a b l i s h e s  t h e  a c c u r a c y  o f  t h e  numer i ca l  
s o l u t i o n . -  Compar i son w i t h  e x p e r i me n t a l  d a t a  e s t a b l i s h e s  t h a t  t h e  
numer i ca l  s o l u t i o n  o f  t h e  c o n s e r v a t i o n  e q u a t i o n s  d e s c r i b e s  t h e  f l ow 
phenomena i n  t h e  s t i r r e d  t a n k .
When t h e  t r a n s p o r t  e q u a t i o n s  were d i s c r e t i z e d ,  t h e  c o n t i n u i t y  e q u a t i o n  
became a s o u r c e  t e r m in t h e  p r e s s u r e - c o r r e c t i o n  e q u a t i o n  i n  t h e  SIMPLE and 
SIMPLER a l g o r i t h m s .  Both a l g o r i t h m s  r e q u i r e d  t h i s  s o u r c e  t e r m t o  be z e r o  
as  t h e  c r i t e r i o n  f o r  c o n v e r g e n c e .  The r e s i d u a l  o f  t h e  c o n t i n u i t y  e q u a t i o n
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-15had t o  be l e s s  t h a n  a smal l  number f o r  co n v e r g en c e  t o  be r e a c h e d .  10
-4was used f o r  e n t i r e  c a l c u l a t i o n  domain,  and 10 was used f o r  each  f i n i t e  
subdomain.  A d d i t i o n a l  c r i t e r i a  o f  co n v e r g en c e  were  a l s o  used and 
r e s i d u a l s  o f  o t h e r  t r a n s p o r t  e q u a t i o n s ,  i . e .  t h e  momentum e q u a t i o n s ,
k - e q u a t i o n  and e - e q u a t i o n ,  were r e q u i r e d  t o  be l e s s  t han  smal l  numbers .
- 6  -5For any f i n i t e  domain,  10 was used f o r  t h e  momentum e q u a t i o n s  and 10
was used f o r  t h e  k-  and e - e q u a t i o n .  The r e l a t i v e  change from i t e r a t i o n  t o
i t e r a t i o n  o f  t h e  v a r i a b l e s  on any g r i d  p o i n t  were  r e q u i r e d  t o  be s m a l l e r
t h a n  10 ^ .
The con v e r g e n c e  t o  a s o l u t i o n  depended on t h e  i n i t i a l  e s t i m a t e s  f o r  
v a r i a b l e s . -  Zero was used  f o r  a l l  t h r e e  v e l o c i t y  component s  in t h e  
t wo - d i me n s i o n a l  c o m p u t a t i o n s .  SIMPLE a l g o r i t h m  r e q u i r e d  an i n i t i a l  
e s t i m a t e  f o r  p r e s s u r e  f i e l d ,  and t h e  sum o f  a t m o s p h e r i c  p r e s s u r e  and 
s t a t i c  p r e s s u r e  was used in t h e  t wo - d i me n s i o n a l  s i m u l a t i o n s .  An i n i t i a l  
e s t i m a t e  f o r  t h e  t u r b u l e n c e  f i e l d  was a l s o  r e q u i r e d .  The t u r b u l e n t  
v i s c o s i t y  was c a l c u l a t e d  from e q u a t i o n s  ( I I I - 2 5 )  and ( I I I —50) which 
c o n t a i n  b o t h  k and e . E s t i ma t e s  f o r  t h e s e  two v a r i b l e s  which were  not  
s u f f i c i e n t l y  c l o s e  t o  t h e  a c t u a l  v a l u e s  may l e a d  t o  d i v e r g e n c e .  Thus ,  a 
p r o c e d u r e  was d e v e l o p e d  t o  o b t a i n  an e s t i m a t e  f o r  k and e  which was 
r e l a t e d  t o  t h e  i m p e l l e r  s peed  and d i a m e t e r  s i n c e  t h e  t u r b u l e n t  f l ow i s  
d r i v e n  by t h e  i m p e l l e r .  From a s i mpl e  d i me n s i o n a l  a n a l y s i s ,  t h e  f o l l o w i n g  
e x p r e s s i o n  f o r  k was d e v e l o p e d  in t e r ms  o f  two i m p e l l e r  p a r a m e t e r s ,  i . e .  N 
and Dj .
k « Nz Dj 2
where  N and Dj a r e  t h e  r o t a t i n g  speed and d i a m e t e r  o f  t h e  i m p e l l e r  in SI 
u n i t .  Using t h e  same p a r a m e t e r s ,  we can o b t a i n  t h e  f o l l o w i n g  e x p r e s s i o n  
f o r  e  :
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£ « N3Dj 2
The p r o p o r t i o n a l  c o n s t a n t s  were o b t a i n e d  by numer i ca l  e x p e r i m e n t a t i o n s ,  
and t h e  v a l u e s  c a l c u l a t e d  from t h e  f o l l o w i n g  two e q u a t i o n s  were used as  
i n i t i a l  e s t i m a t e  f o r  k  and e  f o r  t h e  t wo - d i me n s i o n a l  model s  in t h e  t h r e e  
t a n k  s y s t ems .
k = 0 . 1 6  N2Dj 2
£ = 0 . 3 2  N3Dj 2
For  t h e  t h r e e - d i m e n s i o n a l  s o l u t i o n ,  t h e  computed r e s u l t s  f rom t h e  
t wo - d i m e n s i o n a l  model s  were  used as  t h e  i n i t i a l  e s t i m a t e s .  The e s t i m a t e s  
u s i n g  t h e  t wo - d i m e n s i o n a l  numer i ca l  r e s u l t s  were c l o s e r  t o  t h e  a c t u a l  
f l o w f i e l d  s o l u t i o n  and were  a b l e  t o  p r o v i d e  f a s t e r  co n v e r g e n c e  f o r  t h e  
e x p e n s i v e  t h r e e - d i m e n s i o n a l  c a l c u l a t i o n s .
To h e l p  a v o i d  d i v e r g e n c e ,  r e l a x a t i o n  f a c t o r s  were  u t i l i z e d  w i t h  t h e  
i t e r a t i o n  t e c h n i q u e .  We had t o  s low down t h e  changes  in v a l u e s  o f  
d e p e n d e n t  v a r i a b l e s  f rom i t e r a t i o n  t o  i t e r a t i o n  by u s i n g  t h e  r e l a x a t i o n  
f a c t o r s .  In T a b l e s  IV—7 and IV-8 t h e  t y p i c a l  r e l a x a t i o n  f a c t o r s  used in 
d i f f e r e n t  model s  a r e  l i s t e d .  These  numbers were d i f f e r e n t  f o r  d i f f e r e n t  
mo d e l s ,  b u t  t h e y  a p p l i e d  t o  a l l  t h r e e  t a n k  s y s t e ms .  I t  s h o u l d  be p o i n t e d  
o u t  t h a t  t h e  r e l a x a t i o n  f a c t o r s  l i s t e d  i n  T a b l e s  IV-7 and IV-8 were 
o b t a i n e d  f rom e x t e n s i v e  e x p l o r a t o r y  n umer i c a l  e x p e r i m e n t a t i o n s .  They 
g u a r a n t e e d  t h e  c o n v e r g e n c e  f o r  t h e  f l o w f i e l d  i n  a l l  t h r e e  t a n k  s ys t ems  
h e r e ,  b u t  t h i s  does  n o t  mean t h a t  t h e y  a r e  t h e  op t i ma l  v a l u e s .  Some o f  
them were  c o n s t a n t  t o  t h e  end o f  t h e  i t e r a t i o n s ,  and t h e  o t h e r s  co u l d  
i n c r e a s e  d u r i n g  t h e  i t e r a t i n g  p r o c e s s  i n  o r d e r  t o  have q u i c k e r  
c o n v e r g e n c e .  A l s o ,  no r u l e s  were  d e v e l o p e d  t o  make t h o s e  changes  t o  t h e  
r e l a x a t i o n  f a c t o r s .  The r e l a x a t i o n  f a c t o r  f o r  t h e  v a r i a b l e  P was 1 . 0  f o r
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T a b l e  IV-7.  R e l a x a t i o n  F a c t o r s  in Four  Two-Dimensional  S i m u l a t i o n s  
o f  t h e  T u r b u l e n t  Flow i n  Three  S t i r r e d  Tank Sys t ems .
Model PrW pu *P
1 0 . 35+ 0 . 3 5 + 0 . 4 0 +
a  + 
0 . 5  0 . 4 0 0 . 4 0 +
2 0 . 50 0 . 50 0 . 50 0 . 5H 0 . 6 0 0 . 6 0
3 0 . 3 5 + ■ 0 . 35+ 0 . 4 0 + 0.4** 0 . 4 0 0 . 4 0
4 0 . 40+ 0 . 60+ 0 . 50+ 0.4** 0 . 4 0 0 . 4 0
+: These  r e l a x a t i o n  f a c t o r s  a r e  s u b j e c t  t o  i n c r e a s e  by 0 . 0 5  f o r  
e ve r y  40 i t e r a t i o n s  u n t i l  a maximum o f  0 . 9  i s  r e a c h e d .
H: These  numbers  a r e  used in t h e  SIMPLE a l g o r i t h m ,  and 
r e p l a c e d  by 1 . 0  i n  t h e  SIMPLER a l g o r i t h m .
t h e y  a r e
T a b l e  IV-8.  R e l a x a t i o n  F a c t o r s  in Two 
o f  t h e  T u r b u l e n t  Flow in
T h r e e - Di me n s i o n a l  S i m u l a t i o n s  
Three S t i r r e d  Tank Sys t ems .
Model Py BrW PP p k
I s o t r o p i c  0 . 3 5 + 0 . 4 5 + 0 . 4 0 + 0 . 5  0 . 4 0 0 . 4 0
N o n i s o t r o p i c  0 . 3 0 0 . 3 0 0 . 3 5 0 . 5  0 . 30 0 . 3 0
+:  These  r e l a x a t i o n  f a c t o r s  a r e  s u b j e c t  t o  i n c r e a s e  by 0 . 0 5  f o r  
e v e r y  40 i t e r a t i o n s  u n t i l  a maximum o f  0 . 9  i s  r e a c h e d .
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t h e  p r e s s u r e  e q u a t i o n  in t h e  SIMPLER a l g o r i t h m .  However ,  i t  was 0 . 4  t o
*
0 . 5  when a p p l i e d  t o  t h e  f o l l o w i n g  e q u a t i o n  P = P + |3pP' t o  r e duce  t h e
*
e x a g e r a t e d  p r e s s u r e  c o r r e c t i o n  made by P = P + P 1 i n  t h e  SIMPLE a l g o r i t h m  
a s  shown i n  Tab l e  IV-7.
The l i n e a r i z a t i o n  o f  t h e  s o u r c e  t e r ms  a l s o  p l a y e d  an i m p o r t a n t  r o l e  in 
c o n v e r g e n c e .  L i n e a r i z a t i o n  o f  t h e  s o u r c e  t e r ms  may have t h e  same e f f e c t  
a s  p r o v i d i n g  r e l a x a t i o n  f a c t o r s .  T h i s  can be seen by compar ing t h e  
c o e f f i c i e n t  Cp b e f o r e  and a f t e r  t h e  l i n e a r  t r e a t m e n t  o f  t h e  s o u r c e  t e r m s ,
1 . e .  e q u a t i o n s  ( I I I - 7 8 e ,  7 8 g ) .  T h i s  h e l p e d  t o  c o n v e r g e  t h e  i t e r a t i o n s  by 
s l owi ng  down t h e  c h a n g es  i n  t h e  v a r i a b l e s  d u r i n g  i t e r a t i o n s .  To have 
s t r o n g  u n d e r - r e l a x a t i o n ,  we l i n e a r i z e d  t h e  s o u r c e  t e r m a s :
S* = ( S *1+A*P > + ( S 02"A)*P
where  A s t a n d s  f o r  p o s i t i v e  numbers g r e a t e r  t h a n  1.
T h i s  l i n e a r i z a t i o n  scheme was p a r t i c u l a r l y  u s e f u l  when l a r g e  s o u r c e  
t e r m s  made u n d e s i r a b l y  l a r g e  changes  in t h e  v a r i a b l e s .  Al l  o f  t h e  s o u r c e  
t e r m s  f o r  d i f f e r e n t  v a r i a b l e s  were p l a c e d  in t h e  s u b r o u t i n e  SOURCE in t h e  
compu t e r  program i n  Appendix  C.
In a d d i t i o n  t o  c o n v e r g e n c e ,  t h e  a c c u r a c y  o f  t h e  numer i c a l  c a l c u l a t i o n  
a l s o  needed t o  be e s t a b l i s h e d .  When t h e  number o f  t h e  g r i d  p o i n t s  
a p p r o a c h e s  i n f i n i t y ,  t h e  s o l u t i o n  o f  t h e  d i s c r e t i z e d  e q u a t i o n s  u s u a l l y  
a p p r o a c h e s  t h e  s o l u t i o n  o f  t h e  d i f f e r e n t i a l  e q u a t i o n s .  However ,  i t  i s  no t  
c o m p u t a t i o n a l l y  f e a s i b l e  t o  have an u n l i m i t e d  number o f  g r i d  p o i n t s .  
C o n s e q u e n t l y ,  a c h e c k  f o r  a c c u r a c y  i s  u s u a l l y  made by v a r y i n g  t h e  number 
o f  g r i d  p o i n t s  i n  t h e  c a l c u l a t i o n  domain and compar i ng  t h e  v a l u e s  o f  t h e  
d e p e n d e n t  v a r i a b l e s  a t  t h e  same g r i d  p o i n t s .  The goal  i s  t o  r e d u c e  t h e  
compu t e r  s t o r a g e  and e x e c u t i o n  t i me  by ch o o s i n g  a g r i d  s i z e  w i t h  a
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s m a l l e s t  number o f  g r i d  p o i n t s  which p r o v i d e  t h e  a c c u r a c y  t o  an a c c e p t a b l e  
d e g r e e .
F i g u r e  IV-34 shows a compar i son  o f  t h r e e  nond i mens i ona l  v e l o c i t y  
component s  from t h e  t w o - d i me n s i o n a l  s o l u t i o n  a t  f o u r  d i f f e r e n t  mesh s i z e s .
The p r o f i l e s  a r e  in t h e  a x i a l  p o s i t i o n  o f  4 . 5  i n c h e s  above t h e  3 - i n c h
i m p e l l e r  p l a n e .  The f o u r  c u r v e s  i n d i c a t e  t h a t  t h e  c a l c u l a t e d  r e s u l t s  
c o r r e s p o n d i n g  t o  t h e  mesh s i z e  26x30 in t h e  r - z  p l a n e  a r e  c l o s e  t o  t h o s e  
a s s o c i a t e d  w i t h  t h e  l a r g e r  mesh s i z e s  30x35 and 36x40,  b u t  t h e r e  a r e  
d i s c r e p a n c i e s  i n  t h e  s m a l l e r  16x20 mesh.  Tab l e  IV-9 shows t h e  t h r e e  
v e l o c i t y  component s  a t  t h e  same g r i d  p o i n t  w i t h  f o u r  g r i d s  f o r  t h e  
t wo - d i me n s i o n a l  s o l u t i o n  w i t h  SIMPLE a l g o r i t h m .  I t  i n d i c a t e s  t h a t  t h e  
v a l u e s  o b t a i n e d  from t h e  g r i d s  26x30,  30x35 and 36x40 a g r e e d  w i t h i n  one t o  
two s i g n i f i c a n t  f i g u r e s .  Comparable  r e s u l t s  were  o b t a i n e d  a t  o t h e r  g r i d  
p o i n t s ;  and t h u s ,  we s e l e c t e d  t h e  26x30 mesh f o r  t h e  c a l c u l a t i o n  domain in
t h e  r - z  p l a n e  o f  t h e  t a n k  w i t h  t h e  3 - i n c h  i m p e l l e r .
For  t h e  t h r e e - d i m e n s i o n a l  s o l u t i o n  t h e  s i z e  o f  t h e  d i s t a n c e  a l o n g  t h e  
t a n g e n t i a l  d i r e c t i o n  was ab o u t  4 / 5  o f  t h e  a x i a l  d i s t a n c e  i n  t h e
c a l c u l a t i o n  domain,  and t h e  number o f  g r i d  p o i n t s  in t h e  0 - d i r e c t i o n  was 
s e t  t o  be 25 t o  g i v e  a g r i d  o f  26x30x25 g r i d .  A d i f f e r e n t  v a r i a b l e  
s p a c i n g  was needed f o r  t h e  t a n k  w i t h  t h e  4 - i n c h  i m p e l l e r  and a mesh s i z e
o f  23x30x25 was us ed .  The g r i d  s p a c i n g  was g i v e n  in t h e  sample  o u t p u t  in
Appendix D.
I t  was n o t  p o s s i b l e  t o  do a c o n v e r g e n c e  and a c c u r a c y  s t u d y  f o r  t h e  
t h r e e - d i m e n s i o n a l  s o l u t i o n  b e c a u s e  o f  t h e  comput e r  s t o r a g e  and CPU t i me  
r e q u i r e d .  As was shown i n  Tab l e  IV—2 a t h r e e - d i m e n s i o n a l  s o l u t i o n
r e q u i r e d  163 t o  223 mi n u t e s  o f  CPU t i me  on t h e  FPS-264 advanced  p r o c e s s o r  
w i t h  t h e  mesh s i z e s  we used  i n  t h i s  s t u d y .  I t  was n o t  f e a s i b l e  t o  s e l e c t  
one o f  t h e  l a r g e r  g r i d s  i n  t h e  t wo - d i m e n s i o n a l  s o l u t i o n  be c a u s e  of
215
O HESH 16X20 a  HESH 26X30
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F i g u r e  IV-34.  Accuracy  checked  by compar ing t h e  computed v e l o c i t y  
p r o f i l e s  c o r r e s p o n d i n g  t o  f o u r  d i f f e r e n t  meshes .
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Tabl e  IV-9.  Nondi mens i onal  V e l o c i t y  Components  a t  r ' = 3 . 4 6  and 
z ' = 3 . 0  i n  Tank System 1 w i t h  Va r i ous  G r i d s .
CPU t i me  on
Mesh S i z e  V' W' U' IBM 4341
16x20 - 0 . 0 3 2 1 0. 0583 0 . 0488 21 . 2 2  min
26x30 - 0 . 0 1 3 9 0. 0381 0 . 0194 33 . 6 2  min
30x35 - 0 . 0 1 1 6 0 . 0380 0 . 0 1 5 8 40 . 47  min
36x40 - 0 . 0 1 0 2 0 . 0368 0 . 0109 51 . 23  min
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comput e r  s t o r a g e  and t i me a s  shown on Tab l e  IV-9 when CPU t i me  was from 33
t o  51 mi n u t e s  on IBM 4341.
4 . 6  A l g o r i t h m Compar i son
A s o l u t i o n  p r o c e d u r e  had t o  be s e l e c t e d  whi ch used  e i t h e r  t h e  SIMPLE 
o r  t h e  SIMPLER a l g o r i t h m  t o  s o l v e  t w o - d i me n s i o n a l  n o n l i n e a r  g o v e r n i n g  
e q u a t i o n s .  Both a l g o r i t h m s  were  a b l e  t o  s o l v e  t h e  e q u a t i o n s  and t h e  one 
t o  be s e l e c t e d  would use  t h e  l e a s t  amount  o f  CPU t i m e .  T h i s  same 
a l g o r i t h m  would be used in t i me - cons umi ng  t h r e e - d i m e n s i o n a l  c a l c u l a t i o n s .
Both a l g o r i t h m s  were  used t o  s o l v e  t h e  g o v e r n i n g  e q u a t i o n s  w i t h  t h e  
i s o t r o p i c  k- s  model f o r  t h e  f l ow in t h e  t a n k  w i t h  t h e  3" i m p e l l e r  a t  250 
rpm (Tank System 1) and w i t h  t h e  n o n i s o t r o p i c  k-e model  f o r  t h e  f l ow in
t h e  t a n k  w i t h  t h e  4" i m p e l l e r  a t  150 rpm (Tank System 2 ) .  Al l  o t h e r
c o n d i t i o n s  f o r  t h e  c a l c u l a t i o n s  such a s  c r i t e r i a  o f  c o n v e r g e n c e  and mesh 
s i z e s  were  t h e  same e x c e p t  t h a t  t h e  r e l a x a t i o n  f a c t o r s  Bp were  d i f f e r e n t ,  
a s  shown in T a b l e  1V-7.
F i g u r e s  IV-35 and IV-36 compare t y p i c a l  r e s u l t s  u s i n g  t h e  two 
a l g o r i t h m s ,  and e s s e n t i a l l y  t h e  same r e s u l t s  a r e  o b t a i n e d  w i t h  bo t h  
a l g o r i t h m s  f o r  t h e  v e l o c i t y  componen t s ,  t u r b u l e n c e  e n e r g y ,  and d i s s i p a t i o n  
r a t e .  T h i s  can p r o v i d e  t h e  c o n v e r g e n c e ,  a c c u r a c y  and v a l i d i t y  f o r  each 
a l g o r i t h m  and t h e  o n l y  d i f f e r e n c e  was comput e r  t i me  f o r  a s o l u t i o n .
The compar i son  o f  CPU t i me  on IBM 4341 and FPS-264 i s  shown in Tab l e  
IV—10 f o r  t h e  SIMPLE and SIMPLER a l g o r i t h m .  T h i s  shows t h a t  t h e  SIMPLE 
a l g o r i t h m  r e q u i r e d  l e s s  CPU t i me  f o r  c o n v e r g e n c e  t h a n  t h e  SIMPLER 
a l g o r i t h m  f o r  t h e  t u r b u l e n t  f l ow in b o t h  Tank Sys tems  1 and 2 w i t h  t h e  
i s o t r o p i c  and n o n i s o t r o p i c  k-e mode l s .  T h i s  was p r o b a b l y  ca u s e d  by t h e  
f a c t  t h a t  t h e  SIMPLER a l g o r i t h m  had t o  s o l v e  one more e q u a t i o n ,  i . e .  t h e
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F i g u r e  IV-35.  Nondi mens i ona l  v e l o c i t y  p r o f i l e s  computed w i t h  t h e  SIMPLE 
and SIMPLER a l g o r i t h m  i n  t h e  t wo - d i m e n s i o n a l  s i m u l a t i o n  
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F i g u r e  IV-36.  P r o f i l e s  f o r  k 1 and e 1 computed w i t h  t h e  SIMPLE
and SIMPLER a l g o r i t h m  in t h e  t wo - d i m e n s i o n a l  s i m u l a t i o n  
o f  t h e  t u r b u l e n t  f l ow i n  Tank System 2.
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Tab l e  IV-10.  CPU Time f o r  t h e  SIMPLE and SIMPLER Al g o r i t h m s .
Al g o r i t h m CPU t i me  CPU t i me
on IBM 4341 on FPS-264
Tank System 1,  I s o t r o p i c  Model
SIMPLE 33 . 62  min.  2 . 20  min.
SIMPLER 53. 32 min.  8 . 5 5  min.
Tank System 2,  N o n i s o t r o p i c  Model
SIMPLE 59. 23 min.  3 . 93  min.
SIMPLER 95 . 30  min.  15. 10 min.
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p r e s s u r e  e q u a t i o n ,  i n  ev e r y  i t e r a t i o n .  To have q u i c k e r  co n v e r g en c e  t h e  
SIMPLER a l g o r i t h m  must  save more t i me  t han  t h e  a d d i t i o n a l  t i me  s p e n t  on 
s o l v i n g  t h i s  e x t r a  e q u a t i o n .  A l s o ,  t h e  t h r e e - d i m e n s i o n a l  c a l c u l a t i o n s  had 
t o  be pe r f o r med  on t h e  FPS-264 s c i e n t i f i c  compu t e r ,  and t h e  SIMPLER 
a l g o r i t h m  had an i n h e r e n t  d i s a d v a n t a g e  w i t h  t h e  FPS machine .  The SIMPLER 
a l g o r i t h m  r e q u i r e s  more i n p u t - o u t p u t  p r o c e s s i n g ,  b u t  t h e  FPS machine 
c o u n t s  t h e  10 t i me  in t h e  CPU t i m e .  As shown i n  Tab l e  IV-10,  SIMPLER 
consumed ab o u t  1 . 6  t i me s  t h e  CPU t i me  a s  SIMPLE d i d  on t h e  IBM 4341,  b u t  
SIMPLER consumed ab o u t  4 t i me s  t h e  CPU t i me s  as  SIMPLE d i d  on FPS-264.  
Both a l g o r i t h m s  computed t h e  same r e s u l t s ,  b u t  t h e  SIMPLE a l g o r i t h m  
r e q u i r e s  l e s s  t i me  f o r  c o n v e r g e n c e .  Co n s e q u e n t l y ,  t h e  w i d e l y - u s e d  SIMPLE 
a l g o r i t h m  was s e l e c t e d  f o r  t h e  c o m p u t a t i o n s  in t h i s  r e s e a r c h .
4 . 7  Summary
In t h i s  c h a p t e r ,  we p r e s e n t e d  t h e  t h r e e - d i m e n s i o n a l  s o l u t i o n  o f  t h e  
g o v e r n i n g  e q u a t i o n s  f o r  t h e  t u r b u l e n t  f l ow in t h r e e  s t i r r e d  t a n k  s y s t ems .  
T h i s  s o l u t i o n  was o b t a i n e d  from t h e  n o n i s o t r o p i c  m o d e l , and was v a l i d a t e d  
by e x p e r i m e n t a l  d a t a .  A l s o ,  we compared t h e  pe r f o r ma n c e  o f  
t h r e e - d i m e n s i o n a l  n o n i s o t r o p i c  and i s o t r o p i c  s i m u l a t i o n s  which showed t h a t  
t h e  n o n i s o t r o p i c  model i s  s u p e r i o r  t o  t h e  i s o t r o p i c  model .  In a d d i t i o n ,  
f o u r  t wo - d i me n s i o n a l  s i m u l a t i o n s  were  compared w i t h  each o t h e r  and wi t h  
e x p e r i m e n t a l  d a t a .  We q u a n t i t a t i v e l y  showed t h a t  t h e  two t u r b u l e n c e  
model s  p r o p o s e d  i n  t h i s  work d e s c r i b e d  t h e  f l ow more a c c u r a t e l y  t h a n  t h e  
model s  used by o t h e r  i n v e s t i g a t o r s .  Then a compar i son  o f  t h i s  r e s e a r c h
and p r e v i o u s  s t u d i e s  was made.  From t h i s  co mp a r i s o n ,  we f ound t h a t  a 
r e l i a b l e  method t o  p r o v i d e  t h e  boundar y  c o n d i t i o n s  on t h e  i m p e l l e r  
p e r i p h e r y  was n e c e s s a r y .  The m a t e r i a l  b a l a n c e  had t o  be m a i n t a i n e d  f o r
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t h e  b l a d e - s w e p t  r e g i o n .  F u r t h e r mo r e ,  d a t a  f o r  t u r b u l e n c e  k i n e t i c  ene r gy  
and i t s  d i s s i p a t i o n  r a t e  were  needed f o r  q u a n t i t a t i v e  c o m p a r i s o n s .  Al s o ,  
t h e  f i n i t e  domain method was c o n s i d e r e d  t o  be more f l e x i b l e  and p r o mi s i n g  
t h a n  t h e  s t r e am f u n c t i o n  and ' v o r t i c i t y  t r a n s f o r m a t i o n s  i n  t h e  f u t u r e  
r e s e a r c h .  Convergence and a c c u r a c y  i n  t h e  numer i ca l  a p p r o a c h  was a l s o  
d i s c u s s e d .  F i n a l l y ,  we i l l u s t r a t e d  t h a t  t h e  w i d e l y  used SIMPLE a l g o r i t h m  
was more e f f i c i e n t  f o r  t h i s  r e s e a r c h  t h a n  t h e  SIMPLER a l g o r i t h m .
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
5 . 1  Co n c l u s i o n s
In t h i s  r e s e a r c h  we r e a c h e d  t h e  f o l l o w i n g  c o n c l u s i o n s :
1.  The t h r e e - d i m e n s i o n a l  s o l u t i o n  o f  t h e  g o v e r n i n g  e q u a t i o n s  w i t h  t h e
n o n i s o t r o p i c  t u r b u l e n c e  model was v a l i d a t e d  w i t h  e x p e r i m e n t a l l y  
measur ed  v e l o c i t y  p r o f i l e s  and i t  was d e m o n s t r a t e d  t h a t  t h e  f l ow was 
n o t  symmet r i ca l  b e c a u s e  o f  t h e  b a f f l e s  which r e d u c e  t h e  r o t a t i o n a l  f l ow 
and i n c r e a s e  t h e  v e r t i c a l  f l ow.  Al s o ,  t h e r e  was c i r c u l a t i o n  b e h i n d  t h e  
b a f f 1e s .
2.  The t h r e e - d i m e n s i o n a l  s o l u t i o n  f o r  t h e  t u r b u l e n c e  k i n e t i c  en e r g y  and 
i t s  d i s s p a t i o n  r a t e  f rom t h e  n o n i s o t r o p i c  s i m u l a t i o n  were q u a l i t a t i v e l y  
c o n f i r me d  by t h e  e x p e r i m e n t a l  d a t a  o f  t h e  t u r b u l e n c e  i n t e n s i t y  and 
en e r g y  d i s s i p a t i o n  r a t e .  These  r e s u l t s  showed t h a t  t h e  i m p e l l e r  s t r e am 
c o n t a i n e d  and consumed most  t u r b u l e n c e  k i n e t i c  e n e r g y  i n  a g i t a t e d  
v e s s e l  s .
3.  The f l o w f i e l d  f rom t h e  t h r e e - d i m e n s i o n a l  i s o t r o p i c  model was 
s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h e  f l o w f i e l d  from t h e  t h r e e - d i m e n s i o n a l  
n o n i s o t r o p i c  model ,  and t h e  i s o t r o p i c  model d i d  no t  d e s c r i b e  t h e  f l ow 
i n  a g i t a t e d  v e s s e l s .
4.  The computed v e l o c i t y  and t u r b u l e n c e  f i e l d s  showed t h a t  t h e r e  was
symmetry in t h e  r e g i o n  o f  t h e  j e t  zone c l o s e  t o  t h e  i m p e l l e r .  The f l ow
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from t h e  i m p e l l e r  domi na t ed  t h i s  r e g i o n  and o v e r r o d e  e f f e c t s  from t h e  
b a f f l e s ,  t a n k  w a l l ,  and t h e  f l ow i n  b u l k  r e g i o n s .
5.  Ther e  was an i n c r e a s e  i n  comput e r  t i me  from t h e  t wo - d i men s i o n a l  
s i m u l a t i o n s  t o  t h e  t h r e e - d i m e n s i o n a l  s i m u l a t i o n s  o f  t h e  t u r b u l e n t  f l ow 
in a g i t a t e d  v e s s e l s .  However,  t h e  t wo - d i me n s i o n a l  s o l u t i o n s  may be 
used  t o  a n a l y s e  p r o c e s s e s  which a r e  i m p o r t a n t  i n  t h e  f l ow i n  t h e  
i m p e l l e r  j e t  zone f o r  a s a v i n g s  i n  c o m p u t a t i o n a l  e f f o r t .
6.  The t wo - d i me n s i o n a l  s i m u l a t i o n  r e s u l t s  s h o u l d  be used as  t h e  i n i t i a l  
e s t i m a t e s  f o r  t h e  t h r e e - d i m e n s i o n a l  c a l c u l a t i o n s  t o  r e d u c e  t h e  CPU t i me  
r e q u i r e d  f o r  co n v e r g e n c e  t o  a s o l u t i o n .
7.  In t w o - d i me n s i o n a l  s i m u l a t i o n ,  a b i l i t y  o f  t h e  i s o t r o p i c  model t o  
d e s c r i b e  t h e  f l ow was improved s i g n i f i c a n t l y  by a r t i f i c i a l l y  addi ng 
d r a g  t e r ms  in t h e  a n g u l a r  momentum e q u a t i o n .  T h i s  r e duced  t h e  
t a n g e n t i a l  v e l o c i t y  t o  a c c o u n t  f o r  t h e  b a f f l i n g  e f f e c t s .  The o t h e r  two 
v e l o c i t y  component s  were  i n d i r e c t l y  a f f e c t e d  by t h i s  r e d u c e d  t a n g e n t i a l  
v e l o c i t y .
8.  The f i n i t e  domain method was s u c c e s s f u l l y  employed i n  t h i s  r e s e a r c h .  
T h i s  method was e a s i l y  e x t e n d e d  from two d i me n s i o n s  t o  t h r e e  
d i m e n s i o n s .  A ma j o r  a c h i e v e me n t  o f  t h i s  r e s e a r c h  has  been t h e  
d ev e l o p me n t  o f  a g e n e r a l  p u r pos e  t h r e e - d i m e n s i o n a l  comput e r  code u s i ng  
t h i s  method t o  s o l v e  s i m u l t a n e o u s  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .
9.  The SIMPLE and SIMPLER a l g o r i t h m s  were a p p l i e d  t o  t w o - d i me n s i o n a l  f l ow 
s y s t e ms  i n  a g i t a t e d  v e s s e l s .  The r e s u l t s  showed t h a t  t h e  SIMPLE 
a l g o r i t h m  was more e f f i c i e n t  t o  o b t a i n  c o n v e r g e d  s o l u t i o n s  f o r  t h e  
t u r b u l e n t  f l ow i n  a g i t a t e d  v e s s e l s .
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5 .2  Recommendations
The f o l l o w i n g  r ecommenda t i ons  a r e  made based  upon t h i s  r e s e a r c h :
1.  A d d i t i o n a l  e x p e r i me n t a l  measur ement s  a r e  needed f o r  v e l o c i t i e s ,
t u r b u l e n c e  k i n e t i c  en e r g y  and i t s  d i s s i p a t i o n  r a t e  t h r o u g h o u t  t h e  t a n k  
and in t h e  i m p e l l e r  r e g i o n .  Data f o r  t h e  t u r b u l e n c e  k i n e t i c  ene r gy  and 
d i s s i p a t i o n  r a t e  a r e  e s p e c i a l l y  needed ,  s i n c e  t h e r e  has  been no 
d e t a i l e d  e x p e r i me n t a l  s t u d y  f o r  t h e  t u r b u l e n c e  k i n e t i c  e n e r g y  and i t s  
d i s s i p a t i o n  r a t e .
2.  More e x p e r i m e n t a l  s t u d i e s  on t h e  f l ow a r ound  t h e  i m p e l l e r  a r e  needed ,  
e s p e c i a l l y  a t  t h e  i m p e l l e r  t i p  and on t h e  t o p  and bo t t om s i d e s  o f  t h e  
b l a d e s .  These  r e s u l t s  may be used t o  p r o v i d e  compl e t e  boundary  
c o n d i t i o n s ,  and t h u s  z e r o - g r a d i e n t  a s s u mp t i o n s  f o r  t h e  b l a d e - s w e p t  
r e g i o n  can be e l i m i n a t e d .
3.  The s o l u t i o ' n  s hou l d  be e x t e n d e d  t o  o t h e r  t a n k  and i m p e l l e r  s i z e s  t o  
d e t e r m i n e  t h e  s c a l e - u p  c a p a b i l i t y .  Al s o ,  t h e  computed v e l o c i t y
p r o f i l e s  and t h e  eddy v i s c o s i t y  d i s t r i b u t i o n  can be a p p l i e d  in many 
p r o c e s s e s .  For  exampl e ,  i n  f e r m e n t a t i o n  p r o c e s s e s  t h e  s h e a r  r a t e  and 
s h e a r  s t r e s s  a r e  t h e  ma j o r  p r o c e s s  c o n c e r n ;  and i n  some s u s p e n s i o n  
p r o c e s s e s  t h e r e  i s  a s p e c i a l  i n t e r e s t  in t h e  a x i a l  v e l o c i t y
di  s t r i b u t i o n .
4.  T h i s  r e s e a r c h  can be expanded  t o  s t u d y  t h e o r e t i c a l l y  a p p l i c a t i o n s  in 
a g i t a t e d  v e s s e l s  by i n c l u d i n g  t h e  t r a n s p o r t  e q u a t i o n s  a s s o c i a t e d  w i t h  
t h o s e  a p p l i c a t i o n s .  For  exampl e ,  i n  p r e v i o u s  r e s e a r c h  c o n c e r n i n g  
d i s p e r s i o n s ,  t h e  c o n v e c t i v e  t e r ms  in t h e  s p e c i e s  c o n t i n u i t y  e q u a t i o n s  
were  p u r p o s e l y  n e g l e c t e d  by assumi ng t h a t  t h e  v e l o c i t y  v e c t o r  and
c o n c e n t r a t i o n  g r a d i e n t  v e c t o r  were  o r t h o g o n a l  i n  t h e  i n t e r f a c e ,  and 
t h u s  t h e  i n t r a c t a b l e  f l o w f i e l d  c a l c u l a t i o n s  c o u l d  be b y p a s s e d .  Now we
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have e s t a b l i s h e d  a t u r b u l e n t  f l u i d  dynamic s i m u l a t i o n  f o r  t h e  f l o w f i e l d  
in a g i t a t e d  v e s s e l s ,  and t h e  a b o v e - me n t i o n e d  a s s u mp t i o n  can t hen  be
e l i m i n a t e d .  For  t h i s  t y p e  o f  r e s e a r c h ,  t h e  t w o - d i me n s i o n a l  s i m u l a t i o n  
wi t h  o u r  n o n i s o t r o p i c  t u r b u l e n c e  model s h o u l d  p r o v i d e  a good s t a r t i n g  
p o i n t .  T h i s  i s  b e c a u s e  i t  t a k e s  much l e s s  CPU t i me  t o  o b t a i n  r e s u l t s  
t h a t  a r e  a p p r o x i m a t e  t o  t h e  t h r e e - d i m e n s i o n a l  s i m u l a t i o n .
5.  The n o n i s o t r o p i c  t u r b u l e n c e  model  i s  p r o mi s i n g  be c a u s e  o f  i t s  
f l e x i b i l t y  in hav i ng  d i f f e r e n t  v i s c o s i t y  component s  a t  t h e  same p o i n t .  
I t  i s  w o r t h w h i l e  t o  examine t h e  c o n s e q u e n c e s  of  hav i ng  d i f f e r e n t
i
e x p r e s s i o n s  f o r  t h e  v i s c o s i t y  r a t i o s .  In t h i s  r e s e a r c h ,  we on l y
a l l o we d  one o f  f i v e  v i s c o s i t y  r a t i o s  t o  be v a r i o u s  l o c a l l y  and h e l d  t h e
o t h e r  f o u r  c o n s t a n t .
6.  I t  would be ve r y  i n t e r e s t i n g  t o  a pp l y  t h e  n o n i s o t r o p i c  model t o  s t udy
t h e  t wo - d i me n s i o n a l  f l o w p a t t e r n s  in j e t - s t i r r e d  r e a c t o r s .
Nomenc la t u r e
Engl i  sh
A A t a n g e n t i a l  j e t  p a r a m e t e r  ( E q u a t i o n  11-14)
A Area
A C o e f f i c i e n t
A E x p r e s s i o n  o f  c o n v e c t i o n - d i f f u s i o n  t e rm
a A t a n g e n t i a l  j e t  p a r a m e t e r  ( E q u a t i o n  11-13)
a Ring s o u r c e  r a d i u s
a E mp i r i c a l  c o n s t a n t
a C o e f f i c i e n t  used in TDMA ( E q u a t i o n  I I I - 1 2 5 )
b R e l a t e d  t o  t h e  c o n t r o l  f a c e  on bot t om s i d e
b E mp i r i c a l  c o n s t a n t
b C o e f f i c i e n t  used in TDMA ( E q u a t i o n  I I 1 -125)
C C o e f f i c i e n t  i n  d i s c r e t i z a t i o n  e q u a t i o n s
C1 T u r b u l e n c e  model  c o e f f i c i e n t  ( E q u a t i o n  I I I - 3 5 )
C2 T u r b u l e n c e  model c o e f f i c i e n t  ( E q u a t i o n  I I I - 3 6 )
Cc T u r b u l e n c e  model c o e f f i c i e n t  ( E q u a t i o n  I I 1-40)
C
V
T u r b u l e n c e  model c o e f f i c i e n t  ( E q u a t i o n  I I 1-34)
CDr Drag c o e f f i c i e n t
CDrb Drag c o e f f i c i e n t  f o r  b u l k  r e g i o n
CDrj Drag c o e f f i c i e n t  f o r  j e t  zone
c C o e f f i c i e n t  used  i n  TDMA ( E q u a t i o n  I I 1 -125)
D Vi s cous  d i f f u s i o n  t e r m
DI I m p e l l e r  d i a m e t e r
Dr Drag t e rm
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Tank d i a m e t e r
C o e f f i c i e n t  used i n  TDMA ( E q u a t i o n  111-125)
R e l a t e d  t o  t h e  c o n t r o l  f a c e  on e a s t  s i d e  
f r a c t i o n
P r o d u c t i o n  t e rm in t h e  t u r b u l e n c e  en e r g y  e q u a t i o n
P r o d u c t i o n  t e r m f o r  kp by P l a c e k ,  e t  a l . ( 1 2 ,  C h a p t e r  I I )
Radi a l  f l u x  o f  r a d i a l  momentum
Radi a l  f l u x  o f  a n g u l a r  momentum
G r a v i t a t i o n a l  c o n s t a n t
C o n v e r s i o n a l  f a c t o r
Width o f  i m p e l l e r  b l a d e
I m p e l l e r  h e i g h t  f rom t a n k  bot tom
Li q u i d  h e i g h t
R e l a t e d  t o  t h e  a x i a l  c o o r d i n a t e  
R e l a t e d  t o  t h e  r a d i a l  c o o r d i n a t e  
Empi r i ca l  c o n s t a n t  ( E q u a t i o n  1 -8)
Empi r i c a l  c o n s t a n t  ( E q u a t i o n  1 -9)
Emp i r i c a l  c o n s t a n t  ( E q u a t i o n  1-10)
T u r b u l e n c e  k i n e t i c  e n e r g y
P r o p o r t i o n a l  c o n s t a n t  o f  s t a g n a n t  i n n e r  c o r e  t o  i m p e l l e r
No n d i me n s i o n a l i z e d  t u r b u l e n c e  k i n e t i c  e n e r g y
Tu r b u l e n c e  k i n e t i c  e n e r g y  f o r  l a r g e  s c a l e  v o r t i c e s
Tu r b u l e n c e  k i n e t i c  en e r g y  f o r  t r a n s f e r  e d d i e s
Re c u r r e n c e  r e l a t i o n  i n  TDMA
Re c u r r e n c e  r e l a t i o n  i n  TDMA





Np P e c l e t  number
n R e l a t e d  t o  t h e  c o n t r o l  f a c e  on n o r t h  s i d e
P Power ( E q u a t i o n  1-6)
P Ti me- ave r aged  p r e s s u r e
P P r e s s u r e
P R e l a t e d  t o  t h e  main g r i d  p o i n t
P 1 P r e s s u r e  c o r r e c t i o n
p F l u c t u a t i n g  component  o f  p r e s s u r e
R I m p e l l e r  r a d i u s
R^ T u r b u l e n t  Reynolds  number ( E q u a t i o n  I I I - 3 7 )
Rt  T u r b u l e n t  Reynolds  number ( E q u a t i o n  I I 1-33)
Ri t  T u r b u l e n t  Ri cha r ds on  number ( E q u a t i o n  I I 1-39)
r  Radi a l  c o o r d i n a t e
r 1 No n d i me n s i o n a l i z e d  r a d i a l  c o o r d i n a t e
S Swi r l  numberr
Source  t erm
<P
s R e l a t e d  t o  t h e  c o n t r o l  f a c e  on s o u t h  s i d e
t  Ti me
t  R e l a t e d  t o  t h e  c o n t r o l  f a c e  on t o p  s i d e
U T i me- a ve r a ged  a x i a l  v e l o c i t y
U1 Nondimens ional  i z e d  t i m e - a v e r a g e d  a x i a l  v e l o c i t y
u F l u c t u a t i n g  component  o f  a x i a l  v e l o c i t y
V Ti me- a ve r a ged  r a d i a l  v e l o c i t y
V1 No n d i me n s i o n a l i z e d  t i m e - a v e r a g e d  r a d i a l  v e l o c i t y
V V e l o c i t y  v e c t o r
V„ Radi a l  v e l o c i t yr
Vt i Tip  v e l o c i t y
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Vz Axi a l  v e l o c i t y
Vg T a n g e n t i a l  v e l o c i t y
v F l u c t u a t i n g  component  o f  r a d i a l  v e l o c i t y
W T i me- a v e r a g ed  t a n g e n t i a l  v e l o c i t y
W1 No n d i me n s i o n a l i z e d  t i m e - a v e r a g e d  t a n g e n t i a l  v e l o c i t y
B a f f l e  w i d t h
w F l u c t u a t i n g  component  o f  t a n g e n t i a l  v e l o c i t y
w R e l a t e d  t o  t h e  c o n t r o l  f a c e  on w e s t  s i d e
x E mp i r i c a l  c o n s t a n t  ( E q u a t i o n  I - 1 1 )
x Axi a l  d i s t a n c e  measur ed  from t a n k  bot t om o r  l i q u i d  s u r f a c ew
y E mp i r i c a l  c o n s t a n t  ( E q u a t i o n  I - 1 1 )
y Radi a l  d i s t a n c e  measur ed  from t h e  c e n t e r l i n e  o f  t h e  t a n k
y Radi a l  d i s t a n c e  meas ur ed  from t h e  t a n k  wal lw
z Axi a l  c o o r d i n a t e
z '  No n d i me n s i o n a l i z e d  a x i a l  c o o r d i n a t e
Greek L e t t e r s
o P r o p o r t i o n a l  c o n s t a n t  ( E q u a t i o n s  11 1 - 1 3 6 , 1 3 7 )
B R e l a x a t i o n  f a c t o r
A D i f f e r e n c e  between c o n t r o l  f a c e s
6 D i f f e r e n c e  be tween g r i d  p o i n t s
e T u r b u l e n c e  e n e r g y  d i s s i p a t i o n  r a t e
e 1 No n d i m e n s i o n a l i z e d  t u r b u l e n c e  en e r g y  d i s s i p a t i o n  r a t e
q A t a n g e n t i a l  j e t  p a r a m e t e r  ( E q u a t i o n  11-10)
T Exchange c o e f f i c i e n t  ( E q u a t i o n s  1 1 1 - 5 9 , 9 9 )
A Ma c r o s c a l e  o f  t u r b u l e n c e
V F l u i d  v i s c o s i t y
T u r b u l e n t  v i s c o s i t y
v t  Ki nemat i c  t u r b u l e n t  v i s c o s i t y
0 V a r i a b l e
p F l u i d  d e n s i t y
1 Summation
o T a n g e n t i a l  j e t  p a r a m e t e r  ( E q u a t i o n  11-12)
o P r a n d t l - S c h m i d t  number
x T u r b u l e n t  s t r e s s  t e n s o r
0 T a n g e n t i a l  c o o r d i n a t e  in r a d i a n s
0'  T a n g e n t i a l  c o o r d i n a t e  in d e g r e e s
0^ Angle a t  which v e l o c i t y  v e c t o r  emerges  from i m p e l l e r
S u p e r s c r i p t
* P r e v i o u s  i t e r a t i v e  v a l u e s
S u b s c r i p t s
B R e l a t e d  t o  t h e  g r i d  p o i n t  on bot tom s i d e
B R e l a t e d  t o  t h e  boundar y  p o i n t
b R e l a t e d  t o  t h e  c o n t r o l  f a c e  on bot tom s i d e
E R e l a t e d  t o  t h e  g r i d  p o i n t  on e a s t  s i d e
e R e l a t e d  t o  t h e  c o n t r o l  f a c e  on e a s t  s i d e
e f f  E f f e c t i v e  v a l u e
I F i r s t  i n t e r i o r  g r i d  p o i n t
I , J , K  R e l a t e d  t o  c o o r d i n a t e s  i n  f i n i t e  d i f f e r e n c e  form
i Index o f  i n t e g e r s
i , j  R e l a t e d  t o  c o o r d i n a t e s  in t e n s o r  form
i , j , k  R e l a t e d  t o  c o o r d i n a t e s  in f i n i t e  d i f f e r e n c e  form
KPT Number o f  g r i d  p o i n t  in t h e  0 - d i r e c t i o n
k T u rb u le n c e  k i n e t i c  en e rg y
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max Maximun v a l u e
N Number o f  g r i d  p o i n t s
N R e l a t e d  t o  t h e  g r i d  p o i n t  on n o r t h  s i d e
n R e l a t e d  t o  t h e  c o n t r o l  f a c e  on n o r t h  s i d e
nb R e l a t e d  t o  t h e  n e i g h b o u r i n g  p o i n t s  o r  f a c e s
non N o n i s o t r o p i c  v a l u e
P R e l a t e d  t o  t h e  main g r i d  p o i n t
R R e l a t e d  t o  t h e  i m p e l l e r  t i p
r , 0 , z  R e l a t e d  t o  c y l i n d r i c a l  c o o r d i n a t e s
r z ,  e t c .  r z - componen t  o f  s econd o r d e r  t e n s o r ,  e t c .
S R e l a t e d  t o  t h e  g r i d  p o i n t  on s ou t h  s i d e
s R e l a t e d  t o  t h e  c o n t r o l  f a c e  on s ou t h  s i d e
T R e l a t e d  t o  t h e  g r i d  p o i n t  on t op  s i d e
t  R e l a t e d  t o  t h e  c o n t r o l  f a c e  on t op  s i d e
W R e l a t e d  t o  t h e  g r i d  p o i n t  on we s t  s i d e
w R e l a t e d  t o  t h e  c o n t r o l  f a c e  on we s t  s i d e
e Tu r b u l e n c e  e n e r g y  d i s s i p a t i o n  r a t e
<t> V a r i a b l e
f
Appendix  A:
M a t e r i a l  Ba l anc e  o v e r  t h e  Bl ade-Swept  Region
The c a l c u l a t i o n  p r o c e d u r e  used t o  o b t a i n  t h e  p r o p o r t i o n a l  c o n s t a n t  a 
i n  e q u a t i o n s  ( I I 1-136)  and ( I I 1-137)  i s  g i ven  h e r e  by p e r f o r m i n g  a 
m a t e r i a l  b a l a n c e  o v e r  t h e  b l a d e - s w e p t  r e g i o n  shown i n  F i gu r e  I I I —1. The 
i n f l o w  t o  t h i s  r e g i o n  i s  g i ven  i n  t e r ms  o f  t h e  d i s c r e t i z e d  a x i a l  
v e l o c i t i e s  U ( I y , J )  and U ( I g , J )  which a r e  on t h e  h o r i z o n t a l  f a c e s  o f  t h e  
i m p e l l e r .
J R
In f l o w = Z [ p ( I T , J ) | U ( I T , J ) | A ( I T , J )  + P( I g , J ) |U( Ig , J ) | A ( I g , J )  ]
J=2
The o u t f l o w  from t h i s  r e g i o n  i s  g i ven  in t e r ms  o f  t h e  d i s c r e t i z e d  r a d i a l  
v e l o c i t y  V ( I , J R) on t h e  p l a n e  c i r c l i n g  t h e  i m p e l l e r  t i p .
! T
Out f l ow = Z p ( I , J r ) V ( I , J r) A ( I , J r )
I = I B
In t h e s e  two e q u a t i o n s  A i s  t h e  a r e a  o f  t h e  c o n t r o l  s u r f a c e ,  p i s  t h e  
l i q u i d  d e n s i t y ,  V ( I , J R) i s  t h e  r a d i a l  v e l o c i t y  on t h e  i m p e l l e r  t i p  which 
i s  o b t a i n e d  f rom t h e  t a n g e n t i a l  j e t ,  and U(Iy, J )  and U(Ig, J )  a r e  t h e  a x i a l  
v e l o c i t y  component s  on t h e  t o p  and bot t om f a c e s  o f  t h e  i m p e l l e r  b l a d e s  
which a r e  unknown.
From a m a t e r i a l  b a l a n c e  f o r  t h e  s t e a d y  f l ow o f  an i n c o m p r e s s i b l e  f l u i d ,  
t h e  f l ow i n t o  t h e  t o p  and bot t om o f  t h e  i m p e l l e r  i s  equal  t o  t h e  f l ow o u t  
f rom t h e  i m p e l l e r  t i p ,  and t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d :
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I V( I ,J r )A( I ,J R) = Z [ |U(I t , J ) | A ( I t>J ) + | U ( Ib , J ) | A ( I b , J )  ] (A-l )
I=IB J=2
The above e q u a t i o n  i n v o l v e s  two s e t s  o f  unknowns,  U(I-p, J ) and U ( I g , J )  on
t h e  r i g h t  hand s i d e  o f  e q u a t i o n  ( A - l ) .
A p r o c e d u r e  t o  f o l l o w  would be t o  have t h i s  s e t  o f  two unknown a x i a l  
v e l o c i t i e s  be equa l  t o  t h e  a x i a l  v e l o c i t i e s  on t h e  p l a n e s  one s t e p  above 
and below t h e  i m p e l l e r .  T h i s  i s  c a l l e d  t h e  z e r o - g r a d i e n t  a s s u mp t i o n  f o r
t h e  a x i a l  v e l o c i t y .  However ,  t h i s  would n e g l e c t  t h e  r a d i a l  f l ow between
t h e s e  p l a n e s  and t h e  p l a n e s  a t  t h e  t o p  and bot t om o f  t h e  i m p e l l e r ,  and a 
m a t e r i a l  b a l a n c e  on t h e  i m p e l l e r  would n o t  be s a t i s f i e d .
A c o n v e n i e n t  p r o c e d u r e  t o  s a t i s f y  t h e  m a t e r i a l  b a l a n c e  was d e v e l o p e d  t o  
o b t a i n  t h e  boundar y  c o n d i t i o n s  f o r  t h e  a x i a l  v e l o c i t y  component s  on t h e  
t o p  and bot t om s i d e  o f  t h e  i m p e l l e r  by u s i n g  a p r o p o r t i o n a l  c o n s t a n t  as  
below.
U( I T , J )  = o U( I T+ 1 , J )  ( I I I - 1 3 6 )
and
U( I B, J )  = a  U ( I B- 1 , J )  ( I I I - 1 3 7 )
where  a i s  a p r o p o r t i o n a l  c o n s t a n t .  U ( I j + l , J )  and U ( I g - l , J )  a r e  a d j a c e n t  
a x i a l  v e l o c i t i e s  t o  t h e  U(Iy , J )  and U(Ig , J ) ,  and t h e y  a r e  on t h e  p l an e  
above and below t h e  i m p e l l e r .  U(Iy+l , J )  and U ( I g - l , J )  a r e  g i v e n  by t h e
l a t e s t  i t e r a t e d  v a l u e s .  I f  we know t h e  p r o p o r t i o n a l  c o n s t a n t  a ,  t h e  a x i a l
v e l o c i t i e s  on t h e  t o p  and bot t om f a c e s  can be o b t a i n e d  f rom e q u a t i o n s  
( I I 1—136) and ( I I 1—137) a s  t h e  boundary  c o n d i t i o n  t h e r e .
To o b t a i n  a ,  we have t o  s u b s t i t u t e  e q u a t i o n s  ( I I 1 -136)  and ( I I 1-137)  
i n t o  e q u a t i o n  ( A - l ) .  The r e a r r a n g e m e n t  w i l l  g i v e  t h e  f o l l o w i n g  e q u a t i o n  
f o r  a:
I  [ | U ( I t + 1 , J ) | A ( I t , J ) + | U ( I b- 1 , J ) | A ( I b , J )  ] 
J=2
In Tab l e  A - l ,  t h e  c a l c u l a t e d  v a l u e s  o f  a f rom f o u r  d i f f e r e n t  
t w o - d i me n s i o n a l  s i m u l a t i o n s  f o r  t h r e e  s t i r r e d  tank, s ys t ems  a r e  g i v en  and 
t h e y  r ange  from 0 . 8 4 5  t o  0 . 9 3 5 .  T h i s  means t h a t  t h e  m a t e r i a l  b a l a n c e  f o r  
t h e  b l a d e - s w e p t  r e g i o n  would no t  be s a t i s f i e d  w i t h  t h e  z e r o - g r a d i e n t  
a s s u mp t i o n  ( a = l )  f o r  t h e  a x i a l  v e l o c i t i e s  on t h e  t o p  and bot tom f a c e s  of  
t h e  i m p e l l e r .  The a v e r a g e  v a l u e s  o f  a f o r  each t a n k  sys t em a r e  0 . 8 5 0 ,  
0 . 931  and 0 . 9 3 1 ,  r e s p e c t i v e l y ,  and t h e  a ' s  f o r  Tank System 2 and Tank 
System 3 a r e  a l m o s t  t h e  same f o r  each t u r b u l e n c e  model which i s  p r o b a b l y  
due t o  t h e  same i m p e l l e r  d i a m e t e r  b e i ng  used i n  t h e s e  two t a n k  s ys t ems .  
I t  i s  n o t  n e c e s s a r y  t h a t  t h e y  be e q u a l ,  be c a u s e  a a l s o  v a r i e s  w i t h  
i m p e l l e r  s p e e d s .  These  a v e r a g e  v a l u e s  o f  a i n  Tab l e  A- l  were used  in t h e  
t h r e e - d i m e n s i o n a l  s i m u l a t i o n s .
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Tab l e  A - l .  The Computed Va lues  o f  P r o p o r t i o n a l  C o n s t a n t  a 




2 3 Model C h a r a c t e r i s t i c s
1 0 . 845 0 . 9 2 8 0 . 928 I s o t r o p i c ,  S w i r l i n g ,  B a f f l i n g
2 0 . 847 0 . 930 0. 929 N o n i s o t r o p i c ,  S w i r l i n g ,  B a f f l i n g
3 0 . 855 0 . 929 0 . 929 I s o t r o p i c ,  B a f f l i n g
4 0 . 854 0 . 935 0 . 935 I s o t r o p i c
Average 0 . 850 0 . 931 0.931
□: Four  d i f f e r e n t  k-e t u r b u l e n c e  model were  used i n  t h e
t wo - d i m e n s i o n a l  s i m u l a t i o n s .  Summary o f  t h e s e  f o u r  t u r b u l e n c e  
model s  was g i v en  i n  Tab l e  IV-3.
H : Three  t a n k  s ys t ems  were  g i ven  i n  Tab l e  IV-1.
Tank System 1 i s  a 1 1 . 5 - i n c h  t a n k  w i t h  a 3 - i n c h  i m p e l l e r  
a t  250 rpm,  Tank Sys tems  2 and 3 a r e  an 1 1 . 5 - i n c h  t a n k  
w i t h  a 4 - i n c h  i m p e l l e r  a t  150 and 200 rpm,  r e s p e c t i v e l y .
Appendix  B:
F i g u r e s  f o r  Tank Systems 2 and 3
In t h i s  app e n d i x  f i g u r e s  a r e  i n c l u d e d  f o r  t h e  t u r b u l e n c e  k i n e t i c  ene r gy  
and i t s  d i s s i p a t i o n  r a t e  f o r  Tank System 2 and Tank System 3.  The f i g u r e s  
showing t h e  e f f e c t s  o f  d r a g  t e r ms  on t h e  t h r e e  v e l o c i t y  component s  f o r  
Tank Sys tems  2 and 3 a r e  a l s o  i n c l u d e d .  These f i g u r e s  p r o v i d e  compar ab l e  
i n f o r m a t i o n  t o  t h o s e  g i v en  in C h a p t e r  IV f o r  Tank System 1.
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r  =  0 .0 2 5
Im peller
F ig u r e  B - l .  T u r b u l e n c e  k i n e t i c  en e rg y  of  t h e  i m p e l l e r  s t re am
on t h e  r - 9  p l a n e  in  Tank System 2.
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T  =  0 .0 2 5
Im pelle r
F ig u r e  B-2.  T u r b u l e n c e  k i n e t i c  en e rg y  o f  t h e  i m p e l l e r  s t r ea m
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F ig u r e  B-3.  C o n tou r s  o f  t u r b u l e n c e  k i n e t i c  e n e r g y  on t h e
45° p l a n e  in  Tank System 2.
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( a )  F r o n t  v iew
( b )  Back view
F i g u r e  B-4.  Block  d i a g r a m s  o f  t u r b u l e n c e  k i n e t i c  e n e r g y  on t h e
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2.882 .001 . 0 00 . 0 0 0
F ig u r e  B-5.  C o n to u r s  o f  t u r b u l e n c e  k i n e t i c  en e rg y  on t h e
45° p l a n e  in  Tank System 3.
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( a )  F r o n t  view
( b )  Back view
F ig u r e  B-6.  Block d i ag ra m s  o f  t u r b u l e n c e  k i n e t i c  e n e r g y  on t h e
45° p l a n e  in  Tank System 3.
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r = 0.025
F ig u r e  B-7.  Energy d i s s i p a t i o n  r a t e  o f  t h e  i m p e l l e r  s t r e a m
on t h e  r - 0  p l a n e  in  Tank System 2.
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r  =  0.025
Im p e l le r
F ig u r e  B-8.  Energy d i s s i p a t i o n  r a t e  o f  t h e  i m p e l l e r  s t r e a m
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2.88 L
0 . 0 0 1 . 0 0 2 . 0 0 2.88
F ig u r e  B-9.  C o n tou r s  o f  e n e r g y  d i s s i p a t i o n  r a t e s  on t h e
45° p l a n e  in  Tank System 2.
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( a )  F ro n t  view
2.88
- 2 . 8 8
( b )  Back, v iew
F ig u r e  B-10.  Block, d i a g r a m s  o f  d i s s i p a t i o n  r a t e s  on t h e
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F ig u r e  B—11 - C o n to u r s  o f  e n e rg y  d i s s i p a t i o n  r a t e s  on t h e
45° p l a n e  in  Tank System 3.
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( a )  F r o n t  v iew
( b )  Back view
2.88 f. 0
F i g u r e  B-12 .  Block  d i a g ra m s  o f  d i s s i p a t i o n  r a t e s  on t h e
45° p l a n e  in  Tank System 3.
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F ig u r e  B-13.  The d ra g  e f f e c t s  on v e l o c i t y  in  t h e  b u l k  r e g i o n  o f
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B-14. The d r a g  e f f e c t s  on v e l o c i t y  in  t h e  j e t  zone of
Tank System 2.  The number on t h e  l e f t  in  p a r e n t h e s i s
i s  Cpr . ,  and t h e  one on t h e  r i g h t  i s  Cq
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3-16.  The d r a g  e f f e c t s  on v e l o c i t y  in t h e  j e t  zone o f
Tank System 3.  The number on t h e  l e f t  i n  p a r e n t h e s i s  
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Appendix C: 
Program L i s t i n g
T h i s  ap p en d ix  g i v e s  t h e  t h r e e - d i m e n s i o n a l  computer  program used in  t h i s  
r e s e a r c h .  The n o t a t i o n  o f  v a r i a b l e s  in  t h e  program a r e  a l s o  i n c l u d e d .
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L i s t i n g  o f  FORTRAN v a r i a b l e s
COMMON/ALGTHM/
SIMPLE I n d i c a t i n g  SIMPLE a l g o r i t h m .  
COMMON/BAFFLE/
JBAFFL Rad ia l  p o s i t i o n  o f  b a f f l e s .  
COMMON/BCPLLR/
UIBC Axi al  v e l o c i t y  a t  i m p e l l e r  t i p .
VIBC R ad ia l  v e l o c i t y  a t  i m p e l l e r  t i p .
WIBC T a n g e n t i a l  v e l o c i t y  a t  i m p e l l e r  t i p .  
COMMON/BIGNUM/
BIG A b i g  number 1 .0D30.
COMMON/CALN/
CIM C o e f f i c i e n t s i n t h e di  s c r e t i  z a t i  on e q u a t i  ons
CIP C o e f f i c i e n t s i n t h e di  s c r e t i z a t i on e q u a t i  ons
CJM C o e f f i c i e n t s i n t h e di  s c r e t i  z a t i on e q u a t i o n s
CJP C o e f f i c i e n t s in t h e di  s c r e t i z a t i on e q u a t i  ons
CKM C o e f f i c i e n t s i n t h e di  s c r e t i  z a t i on e q u a t i o n s
CKP C o e f f i c i e n t s i n t h e di  s c r e t i z a t i on e q u a t i o n s
CON Source  t e rm s i n t h e d i s c r e t i z a t i o n e q u a t i o n s
CP C o e f f i c i e n t s i n t h e d i s c r e t i z a t i o n  e q u a t i o n s
COMMON/DEN/
RHOCON C o n s t a n t  d e n s i t y .
COMMON/FIRST/
1ST F i r s t  i n t e r n a l  p o i n t  in i - d i r e c t i o n .
JST F i r s t  i n t e r n a l  p o i n t  in  j - d i r e c t i o n .







ZMUL Laminar v i s c o s i t y .
C0MM0N/GAM2/
NOTURB I n d i c a t i n g  n o n - t u r b u l e n t  f lo w  sy s tem s .
ONCE I n d i c a t i n g  one t im e  o n ly .
COMMON/GRDTYP/
UNIFOM I n d i c a t i n g  u n i fo rm  g r i d .
COMMON/ITER1/
DT The t im e  s t e p .
ITER A c o u n t e r  f o r  i t e r a t i o n s .
LAST A maximum number o f  i t e r a t i o n s .
TIME Time in  u n s t e a d y  c a s e s .
COMMON/LAXDT/
DTLAX R e l a x a t i o n  t im e .
COMMON/LAXSOR/
RELSOR R e l a x a t i o n  f a c t o r s  f o r  s o u r c e  t e r m s .
COMMON/LAXVAR/
RELAX R e l a x a t i o n  f a c t o r s  f o r  e q u a t i o n s .
COMMON/LAX2/
ITRLAX A c o u n t e r  f o r  i t e r a t i o n s  t o  change  r e l a x a t i o n  f a c t o r s .  
NCHNGE A t o t a l  number f o r  ch an g in g  r e l a x a t i o n  f a c t o r s .
C0MM0N/LAX3/
DBETA Changes in  r e l a x a t i o n  f a c t o r s .
COMMON/NODES/
ARX The a r e a  o f  main c o n t r o l  volume f a c e  normal t o  i - d i r e c t i o n .
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ARXJ P a r t  o f  ARX.
ARXJP The o t h e r  p a r t  o f  ARX.
R Rad ia l  p o s i t i o n  o f  g r i d . p o i n t .
RMN Radia l  p o s i t i o n  o f  c o n t r o l  f a c e s .
VOLM Volume o f  main f i n i t e  domain.
VOLU Volume o f  f i n i t e  domain f o r  a x i a l  v e l o c i t y .
VOLV Volume o f  f i n i t e  domain f o r  r a d i a l  v e l o c i t y .
VOLW Volume o f  f i n i t e  domain f o r  t a n g e n t i a l  v e l o c i t y .
X Axia l  p o s i t i o n  o f  g r i d  p o i n t s .
/
XDF S paci ng between c o n t r o l  f a c e s  in  i - d i r e c t i o n .
XDFI P a r t  o f  XDF.
XDFIP The o t h e r  p a r t  o f  XDF.
XDG S p ac in g  between g r i d  p o i n t s  in  i - d i r e c t i o n .
XDSG S t a g g e r e d  c o u n t e r p a r t  o f  XDG.
XU A x ia l  p o s i t i o n  o f  c o n t r o l  f a c e s .
Y The v a l u e s  o f  Y a t  g r i d  p o i n t s .
YDF Sp ac in g  between c o n t r o l  f a c e s  in  j - d i r e c t i  on.
YDFR P r o d u c t  o f  R and YDF; Area f o r  main f i n i t e  domains .
YDG S pac ing  o f  g r i d  p o i n t s  in  j - d i r e c t i o n .
YDSG S t a g g e r e d  c o u n t e r p a r t  o f  XDSG.
YDSGR P r o d u c t  o f  R and YDSG; Area f o r  s t a g g e r e d  f i n i t e  do main s .  
YV Rad ia l  p o s i t i o n  o f  c o n t r o l  f a c e s .
YW R ad ia l  d i s t a n c e  from t h e  w a l l .
Z T a n g e n t i a l  p o s i t i o n  o f  g r i d  p o i n t s .
ZDF S p ac in g  between c o n t r o l  f a c e s  in  k - d i r e c t i  on.
ZDFK P a r t  o f  ZDF.
ZDFKP The o t h e r  p a r t  o f  ZDF.
ZDG S p ac in g  between g r i d  p o i n t s  in  k - d i r e c t i o n .
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ZDSG S t a g g e r e d  c o u n t e r p a r t  o f  ZDG.
ZW T a n g e n t i a l  p o s i t i o n  o f  c o n t r o l  f a c e s .
COMMON/NPTS/
IPT T o t a l  g r i d  p o i n t s  in  i - d i r e c t i o n .
IPT1 IPT-1
IPT2 IPT-2
JPT T o t a l  g r i d  p o i n t s  in  j - d i r e c t i o n .
JPT1 JPT-1
JPT2 JPT-2




NISP The number t o  sweep in  i - d i r e c t i o n .
NJSP The number t o  sweep in  j - d i r e c t i o n .
NKSP The number t o  sweep in  k - d i r e c t i o n .
C0MM0N/NTIME1/
NTIMES The number o f  r e p e t i t i o n s  o f  t h e  sweeps in  a l l  d i r e c t i o n s .  
COMMON/NUMBER/
MAXVAR A maximum number t o  s t o r e  v a r i a b l e s .
NGAM The number r e p r e s e n t i n g  exchange c o e f f i c i e n t s .
NK The number r e p r e s e n t i n g  t u r b u l e n c e  e n e r g y .
NK2 The number r e p r e s e n t i n g  d i s s i p a t i o n  r a t e .
NP The number r e p r e s e n t i n g  p r e s s u r e .
NPC The number r e p r e s e n t i n g  p r e s s u r e  c o r r e c t i o n .
NRHO The number r e p r e s e n t i n g  d e n s i t y .
NRW The number r e p r e s e n t i n g  RW.
NU The number r e p r e s e n t i n g  U.
NV The number r e p r e s e n t i n g  V.
NVAR The number r e p r e s e n t i n g  some v a r i a b l e .
NW The number r e p r e s e n t i n g  W.
NZMUT The number r e p r e s e n t i n g  t u r b u l e n t  v i s c o s i t y .
COMMON/OVERFL/
OVFLW A number t o  p r e v e n t  o v e r f l o w .
COMMON/PAI/
PI 3 .1 4 1 7 .
COMMON/PELLER/
DIMPEL I m p e l l e r  d i a m e t e r .
RPM I m p e l l e r  spee d .
COMMON/PEXTPO/
PBCEXT I n d i c a t i n g  t h e  e x t r a p o l a t i o n  o f  P t o  b o u n d a r i e s .  
COMMON/POUT/
IPREF R e fe r e n c e  p o i n t  f o r  p r e s s u r e  in  i - d i r e c t i o n .
JPREF R e f e r e n c e  p o i n t  f o r  p r e s s u r e  in  j - d i r e c t i o n .
KPREF R e f e r e n c e  p o i n t  f o r  p r e s s u r e  in  k - d i r e c t i o n .
COMMON/PRESS/
DRW C o e f f i c i e n t  in  v e l o c i t y  c o r r e c t i o n  f o r  RW.
DU C o e f f i c i e n t  in  v e l o c i t y  c o r r e c t i o n  f o r  U.
DV C o e f f i c i e n t  in  v e l o c i t y  c o r r e c t i o n  f o r  V.
COMMON/PROP/
GAMIED V i s o c o s i t y  a t  t h e  i - d i r e c t i o n  edge o f  t h e  f i n i t e  domain 
GAMIWT V i s c o s i t y  a t  t h e  p o s i t i o n  where  U r e s i d e s .
GAMJED V i s o c o s i t y  a t  t h e  j - d i r e c t i o n  edge o f  t h e  f i n i t e  domain 
GAMJWT V i s c o s i t y  a t  t h e  p o s i t i o n  where  V r e s i d e s .
GAMKED V i s o c o s i t y  a t  t h e  k - d i r e c t i o n  edge o f  t h e  f i n i t e  domain 
GAMKWT V i s c o s i t y  a t  t h e  p o s i t i o n  where  W r e s i d e s .
RHOIED D e n s i t y  a t  t h e  i - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
RHOIWT D e n s i t y  a t  t h e  p o s i t i o n  where  U r e s i d e s .
RHOJED D e n s i t y  a t  t h e  j - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
RHOJWT D e n s i t y  a t  t h e  p o s i t i o n  where  V r e s i d e s .
RHOKED D e n s i t y  a t  t h e  k - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
RHOKWT D e n s i t y  a t  t h e  p o s i t i o n  where  W r e s i d e s .
COMMON/PRT/
PRNT P r i n t  r e s u l t s  o f  some v a r i a b l e s .
COMMON/PRTRES/
PRESDU P r i n t  r e s i d u a l s .
COMMON/PWRL/
CD Combined e f f e c t s  o f  c o n v e c t i o n  and d i f f u s i o n .
DIFF D i f f u s i v e  f l u x .
FLOW C o n v e c t i v e  f l o w .
COMMON/QUIT/
CONVGN C o n v e rg e n t .
C0MM0N/RH0V/
RHOVAR V a r io u s  d e n s i t y .
COMMON/SHAPE/
XL C a l c u l a t i o n  domain s i z e  in  i - d i r e c t i o n .
YL C a l c u l a t i o n  domain s i z e  in  j - d i r e c t i o n .
ZL C a l c u l a t i o n  domain s i z e  i n  k - d i r e c t i o n .
COMMON/SOLN/
SOLVE Solve  f o r  some v a r i a b l e s .
COMMON/SOLVST/
NSOLST The f i r s t  v a r i a b l e  t o  be s o l v e d .
COMMON/SORTUR/
CMU C in  t h e  t u r b u l e n c e  model .
V
RT T u r b u l e n c e  Reyno lds  number.
C0MM0N/S0R1/
GC C o n v e r s io n  f a c t o r  f o r  g r a v i t a t i o n a l  c o n s t a n t .
GZ G r a v i t a t i o n a l  c o n s t a n t .
PATM A tm o sp h er ic  p r e s s u r e .
COMMON/SUMAX/
CONTMX Maximum r e s i d u e  o f  c o n t i n u i t y  e q u a i t o n  f o r  f i n i t e  domains .
CONTOT T o t a l  r e s i d u e  o f  c o n t .  eqn.  f o r  e n t i r e  c a l c u l a t i o n  domain.
RESMAX Maximum r e s i d u e  o f  t r a n s p o r t  e q u a t i o n s  f o r  f i n i t e  domains .
C0MM0N/TITLE1/
TITLE T i t l e  a s s o c i a t e d  w i t h  some p a r t i c u l a r  v a r i a b l e .
COMMON/VARS/
GAM Exchange c o e f f i c i e n t
P P r e s s u r e
PC P r e s s u r e  c o r r e c t i o n
RHO D e n s i t y
RW A n g u la r  momentum
U Axial  v e l o c i t y
V R ad ia l  v e l o c i t y
VAR Some p a r t i c u l a r  v a r i a b l e
W T a n g e n t i a l  v e l o c i t y
ZK T u r b u l e n c e  k i n e t i c  en e rg y
ZK2 D i s s i p a t i o n  r a t e  o f  t u r b u l e n c e  en e rg y
ZMUT T u r b u l e n t  v i s c o s i t y
COMMON/VELAVG/
UJAVG Average o f  U a t  t h e  k - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
UKAVG Average o f  U a t  t h e  j - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
VIAVG Average o f  V a t  t h e  k - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
VKAVG Average o f  V a t  t h e  i - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
WIAVG Average o f  W a t  t h e  j - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
WJAVG Average o f  W a t  t h e  i - d i r e c t i o n  edge o f  t h e  f i n i t e  domain
COMMON/VELHAT/
UHEAD Hat v e l o c i t y  U
VHEAD Hat v e l o c i t y  V
WHEAD Hat v e l o c i t y  W
COMMON/WTING/
FX I n t e r p o l a t i  on f a c t o r s f o r den s i  t y i n i - d i r e c t i o n .
FXM I n t e r p o l a t i o n f a c t o r s f o r den s i  t y in i - d i r e c t i o n .
FY I n t e r p o l a t i o n f a c t o r s f o r d e n s i t y in j - d i  r e c t i o n .
FYM I n t e r p o l a t i o n f a c t o r s f o r d e n s i t y i n j - d i r e c t i o n .
FV I n t e r p o l a t i o n f a c t o r s f o r t h e  mass f l ow  in  j - d i r e c t i o n
FVP I n t e r p o l a t i o n f a c t o r s f o r t h e  mass f l ow in  j - d i r e c t i o n
FZ I n t e r p o l a t i o n f a c t o r s f o r d e n s i t y in k - d i r e c t i o n .


















—  THIS PROGRAM WAS DESIGNED TO SLOVE THE THREE-DIMENSIONAL 
PARTIAL DIFFERENTIAL TRANSPORT EQUATIONS IN CYLINDRICAL 
COORDINATE. IT WAS SUCESSFULLY EXECUTED ON BOTH IBM 3084 
AND FPS-264 SCIENTIFIC COMPUTER.
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GO TO 100 
END
SUBROUTINE RESULT
A SUBROUTINE TO ARRANGE THE RESULTS FOR PRINTING
IMPLICIT REAL*8 (A-H.O-Z)
LOGICAL CONVGN,PRNT,PBCEXT 








COMMON/VARS/ V A R (3 0 ,26 ,2 5 ,14 )
C0MM0N/PR0P/RH0IWT(30,26,25),RH0JWT(30,26,25),RHOKWT(30,26,25), 
& GAMIWT(30,26,25),GAMJWT(30,26,25),GAMKWT(30, 2 6 , 2 5 ) ,
& RHOIED(3 0 , 2 6 , 2 5 ) , RHOJED(3 0 , 2 6 , 2 5 ) , RHOKED(3 0 , 2 6 , 2 5 ) ,
& GAMIED(3 0 , 2 6 , 2 5 ) , GAMJED(3 0 , 2 6 , 2 5 ) , GAMKED(3 0 , 2 6 , 2 5 )
COMMON/NODES/
& • X (30) ,XU (3 0) ,XDG(30 ) , XDF(3 0 ) ,XDSG(30),
& Y ( 3 0 ) , YV(3 0 ) ,YDG(30) ,YDF(30),YDSG(30),
& Z ( 3 0 ) , ZW(3 0 ) ,ZDG(30) ,ZDF(30) ,ZDSG(30) ,
& YDFR(30),YDSGR(30),ARX(30) ,ARXJ(30),ARXJP(30),
& XDFI( 3 0 ) ,XDFIP(30) ,ZDFK(30) ,ZDFKP(30) ,
& R(30) ,RMN(30) , YW(30),
& VOLM(30,26,25) , V 0 L V ( 3 0 ,2 6 ,2 5 ) ,
& VOLW(30, 2 6 , 2 5 ) ,  VOLU(30,26,25)
COMMON/WTING/
& FX (3 0 ) , FXM(30), F Y (3 0 ) , FYM(30), FV(3 0 ) , FVP(30) ,
& F Z ( 3 0 ) , FZM(30)
COMMON/NUMBER/




COMMON/NPTS/ I P T , I P T 1 , IP T2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/POUT/ IPREF,JPREF,KPREF 
COMMON/PEXTPO/ PBCEXT
DIMENSION U (3 0 , 2 6 , 2 5 ) , V ( 3 0 , 2 6 , 2 5 ) ,P C(3 0 , 2 6 , 2 5 ) , P ( 3 0 , 2 6 , 2 5 ) ,
& RW(30, 2 6 , 2 5 ) ,W(30, 2 6 , 2 5 ) ,ZK (30, 2 6 , 2 5 ) ,ZK2(30, 2 6 , 2 5 ) ,
& ZMUT( 3 0 , 2 6 , 2 5 ) ,GAM(30,26, 2 5 ) , RH0 (30,26,25)
EQUIVALENCE
& ( V A R ( 1 , 1 , 1 , 1 ) , V ( 1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 2 ) ,RW(1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 3 ) , U ( 1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , I , 4 ) , P ( 1 , 1 , 1 ) ) , ( V A R ( 1 , 1 , I , 5 ) , P C ( 1 , I , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 6 ) , Z K ( 1 , 1 , 1 ) ) , ( V A R (1 ,1 ,1 ,7 ) ,Z  K2( 1 , 1 , 1 ) )
EQUIVALENCE
& ( VAR(1 , 1 , 1 , 1 1 ) , W(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 2 ) ,ZMUT(1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 1 3 ) , GAM(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 4 ) , RHO(1 , 1 , 1 ) )
C
2 F0RMAT(/15X,1 Flow F i e l d  Model ing in  a S t i r r e d  Tank 1, / ,
& 14X ,4 1 (1 H * ) , / / / )
6 F0RMAT(20X, 1 1 1, 6 X , 1X U ( I ) 1 , 6 X , 1X ( I ) 1 , / )
7 F0RMAT(20X,I2,6X,1 —  ' , 5 X ,F 6 .3 )
8 FORMAT(20X,I2,2(5X,F6.3))
17 F0RMAT(20X,I2,6X,1 —  ' , 2 (5 X, F6 . 3 ) )
18 FORMAT(20X, 1 2 , 3 (5 X , F 6 . 3 ) )
9 F0RMAT(/ / ,20X,1 J ' , 6 X , ' Y V ( J ) 1 , 6 X , ' Y ( J )  ' ,6X, ' YW(J) ' , / )
19 FORMAT(/ /,20X,1 K ' , 6 X , 1ZW(K)' ,6X, ' Z ( K ) ' , / )
10 FORMAT( / / , I X , 3 0 ( 1 H * ) , 2X,A15,2X,30(1H*))
11 F 0RM A T (/ / / , 1X ,3 0(1H *) , 7X , ' K  = '
12 F 0RM A T (/ / / , 1X ,1 The f o l l o w i n g  t a b u l a t e d  v a l u e s  a r e  in  SI U n i t 1) 
15 FORMAT(/,13X,' —  A l l  p r e s s u r e  v a l u e s  a r e  r e l a t i v e  t o  P ( ' ,
& 1 2 , ' , ' , 1 2 , ' , ' , 1 2 , ' )  — ' )
20 F0RMAT(/,3X, 11 = ' , 1 6 , 5 1 1 2 )
30 FORMAT(IX,1J = ' , 7 5 X , IJ = I )
40 F0RMAT(1X, I2 ,1X,1P ,6E1 2 .4 ,2X,I2 )






C —  Change u n i t s  o f  X, XU, Y, YW, and YV from f e e t  t o  INCHES --------
DO 310 1 = 1 , IPT 
I F ( I . G E . 2 )  XU(I)=XU(I)*12.
310 X ( I ) = X ( I ) * 1 2 .
DO 330 J = 1 , J P T  
I F ( J . G E . 2 )  YV(J)=YV(J)*12.
Y ( J ) = Y ( J ) * 1 2 .
330 YW(J)=YW(J)*12.
C —  Change u n i t s  o f  Z and ZW from r a d i a n t s  t o  DEGREES --------
DO 350 K=1,KPT 
IF (K .G E .2 )  ZW(K)=ZW(K)*180. 0 / P I  
350 Z(K)=Z(K)*1 8 0 . 0 / P I
C
WRITE(8,6)
DO 420 1 = 1 , IPT
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I F ( I . E Q . l )  THEN 
WRITE(8 , 7 )  I , X ( I )
ELSE





DO 440 J= 1 , JPT  
I F ( J . E Q . l )  THEN 
WRITE(8,17) J , Y ( J ) , YW(J)
ELSE




WRITE(8 , 1 9 )
DO 460 K=1,KPT 
ZDGTMP = Z(K) -  1 .0  
ZWDGTM = ZW(K) -  1 .0  







C —  Change u n i t s  o f  X, XU, Y, YW, and YV from i n c h e s  t o  FEET 
DO 311 1 = 1 , IPT
I F ( I . G E . 2 )  X U(I)=X U(I ) /12.
311 X ( I ) = X ( I ) / 1 2 .
DO 331 J= 1 , JPT  
I F ( J . G E . 2) YV(J )=YV(J) /12.
Y ( J ) = Y ( J ) / 1 2 .
331 YW(J)=YW(J) / 1 2 .
C —  Change u n i t s  o f  Z and ZW from d e g r e e s  t o  RADIANTS --------
DO 351 K=1,KPT
IF(K.GE.2)  ZW(K)=ZW(K)*PI/180.0  







IF(PRNT( NRW)) THEN 
DO 50 K=1,KPT 
DO 50 J = 1 , JPT 
DO 50 1 = 1 , IPT 
50 VAR(I ,J ,K,NRW)=W(I ,J ,K)
END IF
C
IF(PRNT( NW)) THEN 
DO 60 K=1,KPT 
DO 60 J = 1 , JPT
267
DO 60 1 = 1 , IPT
60 VAR(I, J , K,NW)=GAM(I, J ,K ) / R H O ( I , J , K)
END IF
IF(PRNT( NZMUT)) THEN 
DO 65 K=1, KPT
DO 65 J = 1 , JPT
DO 65 1 = 1 , IPT
65 VAR(I, J,K,NZMUT)=ZMUT(I, J , K) /RHO(I , J , K)
END IF
IF(PRNT( NV) )  THEN 
DO 71 K=1,KPT
DO 71 1 = 1 , IPT
VWU(1 , 1 , K)=VAR(I, 2 , K,NV)
VWU(I, JPT,K)=VAR(I , JPT,K,NV)
DO 71 J=2, JPT1 
VWU(I, J , K ) = 0 . 5*(VAR(I , J + l , K,NV)+VAR(I, J , K,NV))
71 CONTINUE
DO 73 K=1, KPT 
DO 73 J = 1 , JPT 
DO 73 1 = 1 , IPT
73 VAR(I,J,K,NV)=VWU(I, J , K)
END IF
IF(PRNT( NRW)) THEN 
DO 74 J = 1 , JPT 
DO 74 1 = 1 , IPT 
VWU(I,K,1)=VAR(I, J , 2 ,NRW)
VWU(I, J , KPT)=VAR(I, J , KPT, NRW)
DO 74 K=2, KPT1 
VWU(I, J , K)=0. 5*(VAR(I , J , K+l,NRW)+VAR(I, J,K,NRW))
74 CONTINUE
DO 75 K=1,KPT 
DO 75 J = 1 , JPT 
DO 75 1 = 1 , IPT
75 VAR(I,J,K,NRW)=VWU(I, J , K)
END IF
IF(PRNT(NU)) THEN 
DO 76 K=1,KPT 
DO 76 J= 1 , JPT  
VWU(1,J,K)=VAR(2,J,K,NU)
VWU(IPT, J , K)=VAR(IPT, J , K, NU)
DO 76 1 = 2 , IPT1 
VWU(I ,J ,K)=0.5*(VAR(I+1,J ,K,NU)+VAR(I ,J ,K,NU))
76 CONTINUE
DO 78 K=1, KPT 
DO 78 J = 1 , JPT 
DO 78 1 = 1 , IPT 
78 VAR(I, J , K,NU)=VWU(I,J,K)
END IF
DO 70 NVAR=1,MAXVAR 
IF(PRNT(NVAR)) THEN 
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WRITE(8 , 3 1 )
END IF
DO 115 J J=JFST ,JPT  
J=JFST+JPT-JJ  
IF(INUM.EQ.6) THEN 
WRITE(8,40) J , ( V A R ( I , J,K,NVAR),1=1BEG,IEND), J 
ELSE
WRITE(8,41) J , ( V A R ( I , J , K.NVAR),1=1BEG,IEND) 
END IF 
115 CONTINUE











C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
SUBROUTINE EQNS
USE SIMPLE TO SOLVE EQUATIONS
IMPLICIT REAL*8 (A -H ,0 -Z)







COMMON/VARS/ V A R (30,26,25 ,14)
COMMON/CALN/ CP(3 0 , 2 6 , 2 5 ) , CON(3 0 , 2 6 , 2 5 ) ,
& C I P ( 3 0 , 2 6 , 2 5 ) , C I M ( 3 0 , 2 6 , 2 5 ) ,
& C J P ( 3 0 , 2 6 , 2 5 ) , C J M ( 3 0 , 2 6 , 2 5 ) ,
& CKP(3 0 ,2 6 ,25 ) , CK M (3 0 ,2 6 ,25 )
COMMON/VELHAT/ UHEAD(3 0 , 2 6 , 2 5 ) , VHEAD(3 0 , 2 6 , 2 5 ) ,WHEAD(3 0 , 2 6 , 2 5 )  
COMMON/NODES/
& X(3 0 ) , XU(3 0 ) , XDG(3 0 ) , XDF(3 0 ) ,XDSG(30),
& Y ( 3 0 ) , YV(3 0 ) ,YDG(30) ,YDF(30),YDSG(30),
& Z ( 3 0 ) , ZW(3 0 ) ,ZDG(30) ,ZDF(30) , ZDSG(3 0 ) ,
& YDFR(30), YDSGR(30) ,ARX(30),ARXJ(30),ARXJP(30),
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& XDFI(30) ,XDFIP(30) ,ZDFK(30) ,ZDFKP(30) ,
& R(3 0 ) , RMN(30), YW(3 0 ) ,
& V0LM(30,26,25) ,  VOLV(30,26,25) ,
& VOLW(30, 2 6 , 2 5 ) ,  VOLU(3 0 , 2 6 , 2 5 )
COMMON/WTING/
& FX(3 0 ) , FXM(3 0 ) , FY (3 0 ) , FYM(30), FV(3 0 ) , FVP(3 0) ,
& F Z ( 3 0 ) , FZM(30)
COMMON/PRESS/ D U ( 3 0 , 2 6 , 2 5 ) , DV(3 0 , 2 6 , 2 5 ) , DRW(3 0 , 2 6 , 2 5 )  
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2
COMMON/ITER1/ ITER,LAST,TIME,DT
COMMON/NPTS/ I P T , IP T 1 , IPT2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/FIRST/ IST,JST,KST 
COMMON/POUT/ IPREF,JPREF,KPREF
DIMENSION 11(30,26,25)  ,V(3 0 , 2 6 , 2 5 )  ,PC(3 0 , 2 6 , 2 5 )  , P ( 3 0 , 2 6 , 2 5 ) ,
& R W ( 3 0 , 2 6 ,2 5 ) ,W ( 3 0 ,2 6 , 2 5 ) , ZK(3 0 , 2 6 , 2 5 ) , ZK2(3 0 , 2 6 , 2 5 ) ,
& ZMUT(30, 2 6 , 2 5 )  ,GAM(3'0, 2 6 , 2 5 ) , RHO(30,26,2 5 )
EQUIVALENCE
& ( V A R ( 1 , 1 , 1 , 1 ) , V ( 1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 2 ) ,RW(1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 3 ) , U ( 1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 4 ) , P ( 1 , 1 , 1 ) ) , ( V A R ( 1 , 1 , 1 , 5 ) , P C ( 1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 6 ) , Z K ( 1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 7 ) , ZK2(1 , 1 , 1 ) )
EQUIVALENCE
& ( VAR(1 , 1 , 1 , 1 1 ) , W(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 2 ) ,ZMUT(1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 1 3 ) , GAM(1 , 1 , 1 ) ) , (VAR(1 , 1 , 1 , 1 4 ) , RH0(1 , 1 , 1 ) )
SOLVE(NP)=.FALSE.








DO 3151 K=KST, KPT1 
DO 3151 J=JST,JPT1 
DO 3151 I=IST,IPT1
CON(I, J ,K )= CON(I , J , K)




K S T = S
CALL COEFRW 
DO 3251 K=KST,KPT1 
DO 3251 J=JST,JPT1 
DO 3251 I= IST, IPT1
CON(I ,J ,K)=CON(I ,J ,K)
& + ( P ( I , J , K - 1 ) - P ( I , J , K ) ) * C P ( I , J ,K)*DRW(I , J , K )
3251 CONTINUE
CALL SWEEPS 
DO 3201 K=2, KPT 












C . . .
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W(I ,1 ,K )= 0 .
DO 3201 J = 2 , JPT
W( I , J ,K )=VA R(I , J ,K,NVAR)/R(J)
CONTINUE 
ELSE IF(NVAR.EQ.NU) THEN 
IST=3
CALL COEFU 
DO 3351 K=KST,KPT1 
DO 3351 J=JST,JPT1 
DO 3351 1=1 ST, IPT1
C0N(I , J , K ) = C O N ( I , J , K)
+ ( P ( I - 1 , J , K ) - P ( I , J , K ) ) * C P ( I , J , K ) * D U ( I , J , K )
CONTINUE
CAII SWFFPS 
ELSE IF(NVAR.EQ.NPC) THEN 
CALL COEFPC 
DO 3501 K=KST, KPT1 
DO 3501 J=JST,JPT1 
DO 3501 1=1ST, IPT1 
P C ( I , J , K)=0.
CONTINUE 
CALL SWEEPS 
DO 3581 K=2,KPT1 
DO 3581 J = 2 , JPT1 
DO 3581 1 = 2 , IPT1
I F ( I . GE.3 )  U ( I , J , K ) = U ( I , J ,K )
+ D U ( I , J , K ) * ( P C ( I - 1 , J , K ) - P C ( I , J , K ) )  
I F ( J . G E . 3) V ( I , J , K ) = V ( I , J , K )
+ D V ( I , J , K ) * ( P C ( I , J - 1 , K ) - P C ( I , J , K ) )
I F ( K . GE.3 )  THEN
RW(I ,J ,K)=R W(I ,J ,K)
+ D R W ( I , J , K ) * ( P C ( I , J , K - 1 ) - P C ( I , J , K ) )  
W ( I , J ,K )= R W (I , J , K ) / R ( J )
END IF
P ( I , J , K ) = P ( I , J , K ) + P C ( I , J,K)*RELAX(NP)
CONTINUE
IF(MOD(ITER, 5 ) .EQ.O) THEN 
DO 3591 K=2,KPT1 
DO 3591 J = 2 , JPT1 
DO 3591 1 = 2 , IPT1
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SUBROUTINE COEFFS








COMMON/VARS/ V AR(30 ,26 ,25,14)
COMMON/CALN/ CP(3 0 , 2 6 , 2 5 ) , CON(3 0 , 2 6 , 2 5 ) ,
& C I P ( 3 0 , 2 6 , 2 5 ) ,CIM(30, 2 6 , 2 5 ) ,
& CJ P ( 3 0 , 2 6 , 2 5 ) , CJM(3 0 , 2 6 , 2 5 ) ,
& CKP(3 0 , 2 6 , 2 5 ) ,CKM(30,26,25)
COMMON/VELHAT/ UHEAD(3 0 , 2 6 , 2 5 ) , VHEAD(3 0 , 2 6 , 2 5 ) ,WHEAD(3 0 , 2 6 , 2 5 )  
COMMON/VELAVG/ UJAVG(3 0 , 2 6 , 2 5 ) , VIAVG(3 0 , 2 6 , 2 5 ) , WIAVG(3 0 , 2 6 , 2 5 ) ,  
& UKAVG(3 0 , 2 6 , 2 5 ) , VKAVG(3 0 , 2 6 , 2 5 ) , WJAVG(3 0 , 2 6 , 2 5 )
COMMON/PROP/RHOIWT(30,26,25),RHOJWT(30,26,25),RHOKWT(30,26,25), 
& GAMIWT(3 0 , 2 6 , 2 5 ) , GAMJWT( 3 0 , 2 6 , 2 5 ) ,GAMKWT(3 0 , 2 6 , 2 5 ) ,
& RHOIED(3 0 , 2 6 , 2 5 ) , RHOJED(3 0 , 2 6 , 2 5 ) ,RH0KED(30,26,25) ,
& GAMIED(3 0 , 2 6 , 2 5 ) , GAMJED(3 0 , 2 6 , 2 5 ) , GAMKED(3 0 , 2 6 , 2 5 )
COMMON/NODES/
& X(3 0 ) , XU(3 0 ) , XDG(3 0 ) ,XDF(30) , XDSG(3 0 ) ,
& Y(3 0) ,YV (30) ,YDG(30) ,YDF(3 0) , YDSG(30),
& Z ( 3 0 ) ,Z W ( 3 0 ) , ZDG(3 0 ) , ZDF(3 0 ) ,ZDSG(30),
& YDFR(30),YDSGR(30),ARX(30) ,ARXJ(30),ARXJP(30),
& XDFI(30) ,XDFIP(30) ,ZDFK(30) ,ZDFKP(30) ,
& R(3 0 ) ,RMN(30), YW(30),
& VOLM(30, 2 6 , 2 5 ) ,  V 0 L V ( 3 0 ,2 6 ,2 5 ) ,
& VOLW(30,26,25),  VOLU(3 0 , 2 6 , 2 5 )
COMMON/WTING/
& FX (3 0 ) , FXM(30), FY (3 0 ) , FYM(30), FV (3 0 ) , FVP(3 0 ) ,
& F Z ( 3 0 ) , FZM(30)
COMMON/PRESS/ D U ( 3 0 , 2 6 , 2 5 ) , DV(3 0 , 2 6 , 2 5 ) ,DRW(30,26,25) 
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2
COMMON/ITER1/ ITER,LAST,TIME,DT
COMMON/NPTS/ I P T , IP T 1 , IP T2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/FIRST/ IST,JST,KST 
COMMON/OVERFL/ OVFLW
DIMENSION U ( 3 0 , 2 6 , 2 5 ) , V ( 3 0 , 2 6 , 2 5 ) , P C ( 3 0 , 2 6 , 2 5 ) , P ( 3 0 , 2 6 , 2 5 ) ,
& R W ( 3 0 , 2 6 ,2 5 ) ,W ( 3 0 ,2 6 , 2 5 ) ,Z K ( 3 0 , 2 6 ,2 5 ) , Z K 2 ( 3 0 , 2 6 , 2 5 ) ,
& ZMUT(3 0 , 2 6 , 2 5 ) ,GAM(3 0 , 2 6 , 2 5 ) , RHO(3 0 , 2 6 , 2 5 )
EQUIVALENCE
& ( V A R ( 1 , 1 , 1 , 1 ) , V ( 1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 2 ) ,RW(1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 3 ) , U ( 1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 4 ) , P ( 1 , 1 , 1 ) ) , ( V A R ( 1 , 1 , 1 , 5 ) ,P C(1 , 1 , 1 ) ) ,
& ( VAR(1, 1 , 1 , 6 ) ,ZK(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 7 ) ,ZK2(1 , 1 , 1 ) )
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EQUIVALENCE
& ( VAR( 1 , 1 , 1 , 1 1 ) , W(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 2 ) , ZMUT( 1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 1 3 ) ,GAM(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 4 ) ,RHO(1 , 1 , 1 ) )
CCC DIMENSION UHEAD(3 0 , 2 6 , 2 5 ) , VHEAD(3 0 , 2 6 , 2 5 ) ,WHEAD(30, 2 6 , 2 5 )  
CCC EQUIVALENCE
CCC & ( VAR(1 , 1 , 1 , 8 ) ,UHEAD(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 9 ) , VHEAD(1 , 1 , 1 ) ) ,
CCC & ( VAR(1 , 1 , 1 , 1 0 ) ,WHEAD(1 , 1 , 1 ) )
DIMENSION
& CONV(30,26,25),CONRW(30,26,25) ,CONU(30,26,25) ,












IF(ITER.EQ.O) CALL AVGWJ 
IF(ITER.EQ.O) CALL AVGUJ 
CALL SORV 
CALL CFFADD 
IF(RELSOR(NVAR). EQ.1 . )  GO TO 121 
RLSOR1 = 1 . -RELSOR(NVAR)
DO 120 K=KST,KPT1 
DO 120 J=JST,JPT1 
DO 120 I=IST,IPT1 
IF(ITER.EQ.O) CONV(I ,J ,K)=CON(I ,J ,K)
CON(I, J , K)=RELSOR(NVAR)*CON(I, J , K)+ RLSORl*CONV(I, J , K)
120 CONV(I, J ,K)=CON(I , J , K )
121 CONTINUE




DO 102 K=KST,KPT1 




CJM(1 , 3 , K)=CD+DMAX1 ( 0 . DO, FLOW)
102 CJM (I ,3 ,K)=CJM (I , 3 ,K)* RMN(2)*XDF(I)*ZDF(K)
C
DO 103 J=JST,JPT1 
DO 103 I=IST ,IPT1








DO 105 J = J S T , JPT1




CIM (2 , J ,K )=CIM (2 , J ,K )*  YDSGR(J)*ZDF(K)
DO 105 1=1 ST, IPT1
FLOW=UJAVG(1+1 ,J,K)*RHOKED(1+1 ,J , K)
DIFF=GAMKED(1+1 ,J , K)/XDG(1+1)
CALL PWRLAW
CIM(I+1,J,K)=CD+DMAX1(O.DO( FLOW) 
C IP (I , J ,K )=C IM (I+1 , J ,K )-FL0W  
TEMP= YDSGR(J)*2DF(K)
CIM(1+ 1, J ,K)=C IM(1 +1 , J ,K ) *  TEMP 
C I P ( I , J , K ) = C I P ( I , J , K)* TEMP
C
I F ( J . E Q . J P T l )  THEN 
FLOW=R(JPT) * V ( I , JPT,K)*RHO(I, JPT,K)
DIFF=R(JPT) *GAM(I,JPT,K)/YDF(JPT1)
ELSE
FL=RMN(J) * V ( I , J , K)*RHOJWT(I, J ,K )
FLP=RMN(J+l) *V( I , J+l ,K)*RHOJWT(I, J + l , K)
FLOW=FV(J)*FL+FVP(J)*FLP 
DIFF=R(J) *GAM(I, J , K)/YDF(J)
END IF 
CALL PWRLAW
CJM(I , J + l , K)=CD+DMAX1(0. DO, FLOW) 
C JP( I , J ,K )= CJM (I ,J+1 ,K )-FL0W 
TEMP= XDF(I)*ZDF(K)
CJM(I , J + l , K ) = C J M ( I , J + 1 , K)* TEMP 
C J P ( I , J , K ) = C J P ( I , J , K ) *  TEMP
C
FLOW=WJAVG(I,J,K+1)*RH0IED(I, J , K+l)
DIFF=GAMIED(I,J,K+1)/(RMN(J)*ZDG(K+1))
CALL PWRLAW
CKM(I, J , K+l)=CD+DMAX1(0 . DO, FLOW) 
CKP(I,J ,K)=CKM(I,J,K+1)-FL0W 
TEMP= YDSG(J)*XDF(I)
CKM(I, J,K+1)=CKM(I, J ,K +1 )*  TEMP 
CKP(I , J , K)=CKP(I, J , K ) *  TEMP
C
APT=(RHO(I,J,K)*ARXJ(J)
& +RHO(I,J-1 ,K)*ARXJP(J-1)) / (YDSGR(J)*DT)
C P ( I , J , K ) = C P ( I , J ,K ) - A P T  
CON(I, J , K)=CON(I, J , K)+APT*V(I, J , K)
C P ( I , J , K ) = ( - C P ( I , J , K ) * V O L V ( I , J ,K )
& + C I P ( I , J , K ) + C I M ( I , J , K ) + C J P ( I , J , K )
& +CJM(I,J ,K)+CKP(I,J,K)+CKM(I,J,K)) /RELAX(NVAR)
CON(I, J , K)=CON(I, J , K)*VOLV(I, J , K)
& +RLAX1*CP(I,J,K)*VAR(I,J,K,NVAR)


















IF(RELSOR(NVAR).EQ.l.) GO TO 221 
RLSOR1 = 1 . -RELSOR(NVAR)
DO 220 K=KST,KPT1 
DO 220 J=JST,JPT1 
DO 220 1=1 ST, IPT1 
IF(ITER.EQ.O) CONRW(I, J ,K )=CON(I , J , K)
CON(I, J , K)=RELSOR(NVAR)*CON(I, J , K)
& +RLSORl*CONRW(I, J , K)
220 CONRW(I, J , K)=CON(I, J , K)
221 CONTINUE




DO 202 K=KST,KPT1 
DO 202 1=1 ST, IPT1
'FLOW=VKAVG(I, 2 , K)*RHOIED(I,2,K) 
DIFF=GAMIED(I,2,K)/YDG(2)
CALL PWRLAW
CJM(1 , 2 , K)=CD+DMAX1 ( 0 . DO, FLOW)
202 CJM (I , 2 ,K)=CJM(I, 2 ,K)* RMN(2)*XDF(I)*ZDSG(K)
C
DO 203 J = J S T , JPT1 
DO 203 1=1ST, IPT1
FLOW=W(I, J , 2 ) * R H O ( I , J , 1 )
D IF F=G A M ( I ,J ,1 ) / (R (J )*Z D F(2) )
CALL PWRLAW
CKM(I, J , 3)=CD+DMAX1(0 . DO, FLOW)
203 CKM(I,J ,3)=CKM(I , J , 3 ) *  YDF(J)*XDF(I)
C
DO 205 K=KST,KPT1 
DO 205 J = J S T , JPT1
• FLOW=UKAVG(2 , J , K)*RHOJED(2 , J , K)
DIFF=GAMJED(2 , J , K)/XDG(2)
CALL PWRLAW
CIM(2 , J , K)=CD+DMAX1(0. DO, FLOW) 
C IM (2 , J ,K ) = C IM (2 , J ,K )*  ARX(J)*ZDSG(K)
DO 205 I=IST, IPT1
FLOW=UKAVG(1 + 1 , J , K)*RHOJED(1+ 1 , J , K) 
DIFF=GAMJED(1+ 1 , J , K)/XDG(1+1)
CALL PWRLAW
CIM(1+1 ,J , K)=CD+DMAX1(0 . DO, FLOW) 







C IM (I+ 1 ,J ,K )= C IM (I + 1 ,J ,K )*  TEMP 
C I P ( I , J , K ) = C I P ( I , J , K)* TEMP
C
FLOW=VKAVG(I,J+1,K)*RHOIED(I,J+1,K)
DIFF=GAMIED(I, J + l , K)/YDG(J+l)
CALL PWRLAW
CJM(I, J + l , K)=CD+DMAX1(0. DO, FLOW)
C J P ( I , J , K ) = C J M ( I , J+l,K)-FLOW 
TEMP= RMN(J+1)*XDF(I)*ZDSG(K)
CJM(I , J + l ,K ) = C J M ( I , J + l , K ) *  TEMP 
C J P ( I , J , K ) = C J P ( I , J , K)* TEMP
C
IF(K.EQ.KPTl) THEN 
FLOW=W(I,J,KPT)*RHO(I, J , KPT)
DIFF=GAM(I, J ,K PT ) / (R ( J )* Z D F (K ) )
ELSE
FL=W(I, J , K)*RHOKWT(I,J,K)
FLP=W(I,J,K+l)*RHOKWT(I, J , K+l)
FLOW=0.5*(FL+FLP)
DIFF=GAM(I ,J ,K)/ (R(J)*ZDF(K))
END IF 
CALL PWRLAW
CKM( I , J , K+1)=CD+DMAX1(0. DO, FLOW)
CKP(I , J ,K)=CKM(I, J,K+l)-FLOW 
TEMP= YDF(J)*XDF(I)
CKM(I, J , K+1)=CKM(I, J , K+l)* TEMP 
C K P (I , J ,K ) = C K P( I , J , K ) *  TEMP
C
APT=RHOKWT(I,J,K)/DT
C P ( I , J , K ) = C P ( I , J,K)-APT
CON(I, J , K)=CON(I, J , K)+APT*VAR(I, J , K, NVAR)
C P ( I , J , K ) = ( - C P ( I , J , K)*VOLW(I, J , K)
& + C I P ( I , J , K)+CIM(I, J , K )+ C J P ( I , J , K)
& +CJM(I, J ,K )+ C K P (I , J ,K ) + C K M ( I , J , K))/RELAX(NVAR)
CON(I ,J ,K)=CON(I ,J ,K)*VOLW(I ,J ,K)
& +RLAX1*CP(I, J ,K )* V A R (I , J,K,NVAR)











IF(RELSOR(NVAR). EQ. 1 . )  GO TO 321 
RLSOR1 = 1 . -RELSOR(NVAR)
DO 320 K=KST,KPT1 
DO 320 J=JST,JPT1
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DO 320 I=IST,IPT1 
IF(ITER.EQ.O) CONU(I ,J ,K)=CON(I,J ,K)
CON(I,J , K)=RELSOR(NVAR)*CON(I, J , K)+RLS0R1*C0NU(I, J , K)
320 CONU(I,J ,K)=CON(I , J ,K )
321 CONTINUE




DO 302 K=KST,KPT1 
DO 302 I=IST,IPT1
FLOW=VIAVG(1 , 2 , K)*RHOKED(I, 2 , K)
' DIFF=GAMKED(1 , 2 , K)/YDG(2)
CALL PWRLAW
CJM(1 , 2 , K)=CD+DMAX1(0. DO, FLOW)
302 CJM(1 , 2 , K)=CJM(I, 2 , K)* RMN(2)*XDSG(I)*ZDF(K)
C
DO 303 J=JST,JPT1 
DO 303 1=1 ST, IPT1
FLOW=WIAVG(I, J ,2 ) * R H 0 J E D ( I , J ,2 )
DIFF=GAMJED(I, J , 2 ) / ( R ( J ) * Z D G ( 2 ) )
CALL PWRLAW
CKM(I, J , 2)=CD+DMAX1(0 . DO, FLOW)
303 CKM(I, J ,2 )=CKM(I , J , 2 )*  YDF(J)*XDSG(I)
C





CIM( 3,  J , K)=CD+DMAX1(0. DO, FLOW)
C IM (3 ,J ,K)=CIM (3 ,J ,K )*  ARX(J)*ZDF(K)
DO 305 1=1 ST, IPT1 




F L = U ( I , J , K)*RHOIWT(I, J ,K )






C I P ( I , J ,K)=CIM(1+1 ,J,K)-FLOW 
TEMP= ARX(J)*ZDF(K)
CIM(I+1, J , K)=CIM(1+1 , J , K ) *  TEMP 
C I P ( I , J , K ) = C I P ( I , J , K ) *  TEMP
C
FLOW=VIAVG(I, J + l , K)*RHOKED(I,J + l , K)
DIFF=GAMKED(I,J + l , K)/YDG(J+l)
CALL PWRLAW
CJM(I , J + l , K)=CD+DMAX1(0 . DO, FLOW)







CJM(I , J + 1 , K)=CJM(I,J + l , K ) *  TEMP 
C J P ( I , J , K )= C JP ( I , J , K)* TEMP
C
FLOW=WIAVG(I,J , K+1)*RH0JED(I, J , K+l)
DIFF=GAMJED(I, J , K+1)/(R(J)*ZDG(K+1))
CALL PWRLAW
CKM(I, J , K+l)=CD+DMAX1(0 . DO, FLOW)
CKP(I ,J ,K)=CKM(I , J , K+l)-FLOW 
TEMP= YDF(J)*XDSG(I)
CKM(I, J , K+1)=CKM(I, J ,K +1)*  TEMP 
C K P (I , J ,K ) = C K P ( I , J ,K )*  TEMP
C
APT=RHOIWT(I, J ,K ) / D T  
C P ( I , J , K ) = C P ( I , J , K)-APT 
C0N (I , J , K)=C0N(I, J , K)+APT*U(I, J , K) 
C P ( I , J , K ) = ( - C P ( I , J , K ) * V O L U ( I , J , K )
& + C I P ( I , J , K ) + C I M ( I , J , K ) + C J P ( I , J , K)
& +CJM(I, J , K)+CKP(I, J , K)+CKM(I, J , K))/RELAX(NVAR)
C O N (I , J , K)=C0N(I, J , K)*VOLU(I, J , K )
& +RLAX1*CP(I, J , K)*VAR(I, J,K,NVAR)






COEFFICIENTS FOR P'  EQUATION
CALL RELXTN 
C
DO 512 K=KST,KPT1 
DO 512 J=JST,JPT1 
DO 512 1=1ST, IPT1 
512 C 0 N ( I , J ,K ) = 0 .
C
DO 514 K=KST,KPT1 
DO 514 1=1 ST, IPT1
CON(I, 2 ,K)=CON(I, 2 ,K)+RMN(2)*XDF(I)*ZDF(K)*RHO(I,1,K)*V(I,2,K) 
CJM(1 , 2 , K)=0.
514 CONTINUE
C
DO 515 J=JST,JPT1 
DO 515 I=IST ,IPT1
C O N (I ,J ,2 )=CON(I ,J ,2 )+YD F(J )*XDF(I)*RH O(I , J , 1 )* W (I , J , 2 )
C KM (I ,J ,2 )=0 .
515 CONTINUE
C
DO 516 K=KST,KPT1 
DO 516 J=JST,JPT1 
C0N(2, J ,K)=C0N(2, J ,K)+AR X(J)*ZD F(K)*R H0(1, J ,K)*U(2, J ,K)  
CIM (2 ,J ,K)=0.
DO 516 I=IST ,IPT1






FLOW=TEMP* U ( I + 1 , J , K )
CON(I, J , K)=CON(I, J , K)-FLOW 
I F ( I . E Q . I P T l )  THEN 
CIP( I , J , K ) = 0 .
ELSE
CON(1+1 ,J ,K)=CON(1+1 ,J,K)+FLOW 
C I P ( I , J , K)=TEMP*DU(1+1, J ,K )  
C I M ( I + 1 , J , K ) = C I P ( I , J ,K )
END IF
C
TEMP=RMN(J+1)*XDF(I)*ZDF(K)*RHOJWT(I, J + l , K) 
FLOW=TEMP* V ( I , J + I , K )
CON(I, J ,K )=CON(I , J , K)-FLOW 
I F ( J . E Q . J P T l )  THEN 
C J P ( I , J , K)=0.
ELSE
CON( I , J+ l ,K )= C O N (I , J+l,K)+FLOW 
C J P ( I , J,K)=TEMP*DV(I, J + l , K )




FLOW=TEMP* W ( I , J , K+l)
CON(I, J , K)=CON(I, J , K)-FLOW 
IF(K.EQ.KPTl) THEN 
C K P (I , J ,K )= 0 .
ELSE
CON(I, J , K+l)=CON(I, J , K+l)+FLOW 
CKP(I , J , K)=TEMP*DRW(I, J , K + 1 ) / R ( J )
CKM(I, J , K+l)=CKP(I , J , K)
END IF
C P ( I , J , K ) = C I P ( I , J ,K ) + C I M ( I , J , K ) + C J P ( I , J , K)+CJM(I, J , K )  





C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
ENTRY COEFOT






IF(RELSOR(NVAR). EQ.1 . )  GO TO 621 
RLSOR1 = l.-RELSOR(NVAR)
DO 620 K=KST,KPT1 
DO 620 J=JST,JPT1  
DO 620 1=1ST, IPT1 
IF(IT ER. EQ.0 )  CONK(I, J , K)=CON(I, J , K) 





ELSE IF(NVAR.EQ.NK2) THEN 
CALL SORK2 
CALL CFFADD 
IF(RELSOR(NVAR). EQ.1 . )  GO TO 721 
RLSOR1 = 1 . -RELSOR(NVAR)
DO 720 K=KST,KPT1 
DO 720 J=JST,JPT1 
DO 720 I=IST ,IPT1  
IF (IT E R . EQ.0 )  C0NK2(I, J , K)=CON(I, J , K) 
CON(I,J,K)=RELSOR(NVAR)*CON(I, J , K) 
+RLS0R1*C0NK2(I, J , K)
C0NK2(I, J ,K )= C O N ( I ,J ,K )
CONTINUE 
ELSE 




DO 602 K=KST,KPT1 
DO 602 I = I S T , IPT1
FLOW=V(I,2,K)*RH0(I, 1 ,K)
DIFF=GAM(1 , 1 , K)/YDG(2)
CALL PWRLAW
CJM(1 , 2 , K)=CD+DMAX1(0. DO, FLOW)
602 CJM(I , 2 ,K)=CJM(I, 2 , K)* RMN(2)*XDF(I)*ZDF(K)
C
DO 603 J=JST,JPT1 
DO 603 I = I S T , IPT1
FLOW=W(I,J,2)*RH0(1 , 0 , 1 )
DIFF=GAM(I,J, 1 ) / (R ( J ) * Z D G (2 ) )
CALL PWRLAW
CKM(I, J , 2)=CD+DMAX1(0 . DO, FLOW)
603 CKM(I, J ,2 )=C K M (I , J , 2 ) *  YDF(J)*XDF(I)
C
DO 605 K=KST,KPT1 
DO 605 J=JST,JPT1
FL0W=U(2,J,K)*RH0(1,J,K)
DIFF=GAM(1 , J ,K)/XDG(2)
CALL PWRLAW
CIM(2,J,K)=CD+DMAX1(O.DO,FLOW) 
C IM (2 , J ,K )=C IM (2 , J ,K )*  ARX(J)*ZDF(K)
DO 605 1=1 ST, IPT1
FLOW=U(1+ 1, J , K)*RHOIWT(1+1, J , K)
DIFF=GAMIWT(1+ 1 , J , K)/XDG(1+1)
CALL PWRLAW
CIM(1+ 1 , J,K)=CD+DMAX1(0. DO, FLOW)
C I P ( I , J ,K)=C IM(1 + 1 , J,K)-FLOW 
TEMP= ARX(J)*ZDF(K)
CIM(1+1 , J ,K)=CIM (1+1 , J , K ) *  TEMP 
C I P ( I , J , K ) = C I P ( I , J , K)* TEMP
C












DIFF=GAMJWT(I, J + l , K)/YDG(J+l)
CALL PWRLAW
CJM(I , J + l , K)=CD+DMAX1(0 . DO, FLOW) 
C JP( I , J ,K )= C JM (I ,J + l ,K )-F L O W  
TEMP= RMN(J+1)*XDF(I)*ZDF(K)
CJM (I , J + l , K ) = C J M ( I , J + l , K ) *  TEMP 





C KM(I, J , K+l)=CD+DMAX1 ( 0 . DO, FLOW)
CKP (I , J , K)=CKM(I, J , K+l)-FLOW 
TEMP= YDF(J)*XDF(I)
CKM(I, J , K+l)=CKM(I, J ,K +1)*  TEMP 
CKP (I , J , K)=CKP(I, J , K)* TEMP
C
APT=RHO(I,J,K)/DT 
C P ( I , J , K ) = C P ( I , J ,K)-APT 
CON(I ,J ,K)=CON(I,J ,K)+APT*VAR(I,J,K,NVAR) 
C P ( I , J , K ) = ( - C P ( I , J , K ) * V O L M ( I , J ,K )
& + C I P ( I , J ,K ) + C I M ( I , J , K ) + C J P ( I , J , K )
& +CJM(I , J ,K )+ C K P ( I , J ,K)+CKM(I , J , K))/RELAX(NVAR)
CON(I, J , K)=CON(I, J , K)*VOLM(I, J ,K )





C = = = = = = = = = = = = = = = = = = = = =
SUBROUTINE DOMAIN





& FX(3 0 ) , FXM(3 0 ) , FY(3 0 ) , FYM(3 0 ) , FV(3 0 ) , FVP(3 0 ) ,
& FZ(30),FZM(30)
COMMON/SHAPE/ XL,YL,ZL
COMMON/NPTS/ IP T , IP T 1 , IP T2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/NODES/ '
& X(30) ,XU(30) ,XDG(30) ,XDF(30),XDSG(30),
& Y(3 0 ) , YV(3 0 ) , YDG(3 0 ) , YDF(3 0 ) , YDSG(3 0 ) ,
& Z ( 3 0 ) , ZW(3 0 ) ,ZDG(30) ,ZDF(30) ,ZDSG(30) ,
& YDFR(30),YDSGR(30),ARX(30) ,ARXJ(30),ARXJP(30),
& XDFI( 3 0 ) ,XDFIP(30) ,ZDFK(30) ,ZDFKP(30) ,
& R(30),RMN(30) ,YW(30) ,
& V0LM(30, 2 6 , 2 5 ) ,  V0LV(30, 2 6 , 2 5 ) ,





C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
c










C  Uniform g r i d  s t r u c t u r e  --------
DX=XL/FLOAT(IPT2)
XU(2)=0.
DO 1 1 = 3 , IPT
1 XU(I)=XU(I-1)+DX
C
DY=Y L/FLOAT( J  PT2)
YV(2)=0.















C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = :
ENTRY CVOL
C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = :
c




DO 5 1 = 2 , IPT1 
5 X (I )= .5 * (X U ( I+ 1 )+ X U (I ) )
Y(1)=YV(2)
Y(JPT)=YV(JPT)
DO 8 J = 2 , JPT1 
8 Y (J )= .5*( YV(J +1)+YV(J) )
Z(1)=ZW(2)
Z(KPT)=ZW(KPT)






DO 15 1 = 2 , IPT 
15 XDG(I )= X(I ) -X (1 -1 )
DO 18 1 = 2 , IPT1 
18 XDF(I)=XU(I+1)-XU(I)




DO 22 1 = 3 , IPT2





DO 25 J = 2 , JPT 
25 Y D G ( J )= Y ( J ) -Y ( J - l )
DO 30 J = 2 , JPT1 
30 YDF(J)=YV(J+1)-YV(J)





DO 38 K=2,KPT 
38 ZDG(K)=Z(K)-Z(K-1)
DO 40 K=2, KPT1 
40 ZDF(K)=ZW(K+1)-ZW(K)














DO 55 J=3 , JPT 1  
55 RMN(J)=RMN(J-1)+YDF(J-1)
C






DO 64 J=4 , JPT 2  
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C = = = = = = = = = = = = = = = = = = = = =
SUBROUTINE RESIDU
CALCULATE RESIDUES OF TRANSPORT EQUATIONS
IMPLICIT REAL*8 (A-H.O-Z)
COMMON/SUMAX/ CONTOT, CONTMX, RESMAX(14) 
COMMON/ITER1/ ITER,LAST,TIME,DT 
COMMON/VARS/ VAR(3 0 , 2 6 , 2 5 , 1 4 )  
COMMON/CALN/ CP(3 0 , 2 6 , 2 5 ) , CON(3 0 , 2 6 , 2 5 ) ,
& C I P ( 3 0 , 2 6 , 2 5 ) , C I M ( 3 0 , 2 6 , 2 5 ) ,
& C JP(3 0 , 2 6 , 2 5 ) , CJM(3 0 , 2 6 , 2 5 ) ,
& CKP(30, 2 6 , 2 5 ) , CKM(3 0 , 2 6 , 2 5 )
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2





DO 3300 K=KST,KPT1 
DO 3300 J=JST,JPT1  
DO 3300 1=1 ST, IPT1 
C0NTMX=DMAX1(CONTMX, DABS(CON(I, J , K)) )  




DO 4300 K=KST,KPT1 
DO 4300 J=JST,JPT1 
DO 4300 1=1ST, IPT1 
VALUE= CP(I ,J ,K)*VAR(I ,J ,K,NVAR)
RESDUL= C IP ( I , J ,K ) * V A R (1+1 ,J,K,NVAR)
& +CIM(I , J , K)*VAR(1 - 1 , J,K,NVAR)
& + C J P ( I , J , K)*VAR(I, J+l,K,NVAR)
& +CJM(I, J , K)*VAR(I,J-1,K,NVAR)
& + C K P ( I , J , K)*VAR(I, J,K+1,NVAR)
& +CKM(I,J , K)*VAR(I, J , K-l.NVAR)
& + C O N ( I , J ,K ) -  VALUE
I F ( C P ( I , J , K ) . G E . 1 .D20) THEN 
RESDUL=RESDUL/CP(I, J ,K )














C = = = = = = = = = = = = = = = = = = = = = = =
SUBROUTINE SWEEPS
TDMA WITH SWEEP METHOD
IMPLICIT REAL*8 (A-H.O-Z)
COMMON/VARS/ VAR(3 0 , 2 6 , 2 5 , 1 4 )
COMMON/CALN/ C P ( 3 0 , 2 6 , 2 5 ) , CON(3 0 , 2 6 , 2 5 ) ,
& C I P ( 3 0 , 2 6 , 2 5 ) , C I M ( 3 0 , 2 6 , 2 5 ) ,
& CJP(3 0 , 2 6 , 2 5 ) , C J M ( 3 0 , 2 6 , 2 5 ) ,
& CKP(30,26,25) ,CKM(30t 2 6 , 2 5 )
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2
COMMON/NSWEEP/ NISP,NJSP,NKSP
COMMON/NPTS/ IP T , IP T 1 , IP T2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/FIRST/ IST,JST,KST 
COMMON/FIRST1/ IS T 1 , J S T 1 , KST1 
CGMMON/NTIME1/ NTIMES(14)
IST1 = 1ST -  1 
JST1 = JST -  1 
KST1 = KST -  1 
DO 501 NT=1,NTIMES(NVAR) 
DO 190 K=KST,KPT1 
DO 170 JSP=1,NJSP 
JLAST=JPT1 
IF(MOD(JSP,2 ) . EQ.O) 
DO 170 JJ=JST,JLAST 
J = J J




DO 290 1=1ST, IPT1 
DO 270 KSP=1,NKSP 
KLAST=KPT1 
IF(MOD(KSP, 2 ) .EQ.O)  






DO 390 J=JST,JPT1 
DO 370 ISP=1,NISP 
ILAST=IPT1 
IF(MOD(ISP,2) .EQ.O) 
DO 370 I I = I S T , I LAST 
1=11
















C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
c




COMMON/VARS,/ VA R (3 0 ,26 ,2 5 ,14 )  
COMMON/CALN/ CP(3 0 , 2 6 , 2 5 ) , CON(3 0 , 2 6 , 2 5 ) ,
& C I P ( 3 0 , 2 6 , 2 5 ) , C I M ( 3 0 , 2 6 , 2 5 ) ,
& C J P ( 3 0 , 2 6 , 2 5 ) , C J M ( 3 0 , 2 6 , 2 5 ) ,
& CKP(3 0 ,2 6 , 2 5 ) ,CKM(3 0 , 2 6 , 2 5 )
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2
COMMON/NPTS/ IP T , IP T 1 , IP T 2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/FIRST/ IST,JST,KST 
COMMON/FIRST1/ I S T 1 , J S T l , KST1
C
C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
ENTRY TDMAI(J.K)
C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
c




DO 130 ID=IST, IPT1 
DENOM=CP(ID,J, K)-AA(ID-1)*CIM(ID,J ,K)  
AA(ID)=CIP(ID,J,K)/DENOM 
IF(DENOM.GT.1 . D20) THEN 
AA(ID)=0.
BB(ID)=CON(ID, 0 , K ) /C P ( ID , J ,K )
ELSE







DO 150 I I = I S T , IPT1 
ID=IST+IPT1-II
150 VAR(ID, J , K, NVAR)=VAR(ID+1, J , K,NVAR)*AA(ID)+BB(ID)
RETURN
C
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C POWER LAW SCHEME 
C
IMPLICIT REAL*8 (A-H.O-Z)























COMMON/VARS/ VAR(30 ,26 ,25 ,14)
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW)NU,NPC,NP,NK,NK2
COMMON/ITER1/ ITER,LAST,TIME,DT
COMMON/NPTS/ I P T , I P T 1 , IP T 2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/GAMLAM/ ZMUL
DIMENSION U ( 3 0 , 2 6 , 2 5 ) , V ( 3 0 , 2 6 , 2 5 ) ,P C (3 0 , 2 6 , 2 5 ) , P ( 3 0 , 2 6 , 2 5 ) ,
& R W ( 3 0 , 2 6 , 2 5 ) , W ( 3 0 ,2 6 , 2 5 ) ,Z K ( 3 0 , 2 6 ,2 5 ) , Z K 2 ( 3 0 , 2 6 , 2 5 ) ,
& ZMUT(3 0 , 2 6 , 2 5 ) , GAM(3 0 , 2 6 , 2 5 ) , RHO(3 0 , 2 6 , 2 5 )
EQUIVALENCE
& ( V A R ( 1 , 1 , 1 , 1 ) , V ( 1 , 1 , 1 ) ) ,(VAR(1 , 1 , 1 , 2 ) , RW(1, 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 3 ) , U ( 1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 4 ) , P ( 1 , 1 , 1 ) ) , ( V A R ( 1 , 1 , 1 , 5 ) , P C ( 1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 6 ) ,Z K (1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 7 ) ,ZK2(1, 1 , 1 ) )
EQUIVALENCE
& ( VAR(1 , 1 , 1 , 1 1 ) , W(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 2 ) ,ZMUT(1 , 1 , 1 ) ) ,
& ( VAR(1, 1 , 1 , 1 3 ) ,GAM(1 , 1 , 1 ) ) ,(VAR(1 , 1 , 1 , 1 4 ) ,RHO(1 , 1 , 1 ) )
C
C3D IF(ONCE) THEN 
C DO 1100 K=1,KPT
C DO 1100 J = 1 , JPT
C DO 1100 1 = 1 , IPT







C3D END IF 
C
IF(NVAR.NE.NSOLST) GO TO 1201 
IF(.NOT.NOTURB) CALL TURB 
1201 CALL GAMFAC(RATIO)
DO 1300 K=1,KPT 
DO 1300 J = 1 , JPT 
DO 1300 1 = 1 , IPT 
GAM(I, J , K)=(ZMUL+ZMUT(I, J , K))/RATIO 
1300 CONTINUE
IF(RELAX(NGAM). EQ.1 . )  RETURN 
RLAX1= l.-RELAX(NGAM)
DO 1400 K=1, KPT 
DO 1400 J = 1 , JPT 
DO 1400 1 = 1 , IPT 
IF (IT ER. EQ.0 )  GAMOLD(I, J , K)=GAM(I, J , K)
C ---------------  To a v o i d  u n d e r f l o w  -----------------------------------------
IF(GAMOLD(I, J , K ) . LT. 1 . D-30) GAMOLD(I, J , K)=0.
IF(GAM(I, J , K ) . LT. 1 . D-30) GAM(I,J , K)=0.
GAM(I,J,K)=RELAX(NGAM)*GAM(I,J , K) + RLAX1*GAM0LD(I, J , K) 























DO 1818 1=1 ,NTEMP
























COMMON/VARS/ VAR(3 0 , 2 6 , 2 5 , 1 4 )
COMMON/VELAVG/ UJAVG(30,2 6 , 2 5 ) ,VIAVG(30,2 6 , 2 5 ) ,WIAVG(30,2 6 , 2 5 ) ,  
& UKAVG(30,26,25) ,VKAVG(30,26,25) ,WJAVG(30,26,25)
C0MM0N/PR0P/RH0IWT( 3 0 , 2 6 , 2 5 ) , RH0JWT(3 0 , 2 6 , 2 5 ) , RH0KWT(3 0 , 2 6 , 2 5 ) ,  
& GAMIWT(3 0 , 2 6 , 2 5 ) , GAMJWT(3 0 , 2 6 , 2 5 ) , GAMKWT( 3 0 , 2 6 , 2 5 ) ,
& RH0IED(3 0 , 2 6 , 2 5 ) , RH0JED(3 0 , 2 6 , 2 5 ) , RH0KED(3 0 , 2 6 , 2 5 ) ,
& GAMIED(3 0 , 2 6 , 2 5 ) ,GAMJED(3 0 , 2 6 , 2 5 ) ,GAMKED(3 0 , 2 6 , 2 5 )
COMMON/NODES/
& X(30) ,X U (3 0) , XDG(3 0 ) ,XDF(30) ,XDSG(30) ,
& Y(3 0 ) ,Y V (3 0) , YDG(3 0 ) ,YDF(30),YDSG(30),
& Z ( 3 0 ) , ZW(3 0 ) ,ZD G(30) ,ZDF (30) , ZDSG(3 0 ) ,
& YDFR(30),YDSGR(30),ARX(30) ,ARXJ(30),ARXJP(30) ,
& XDFI(30) ,XDFIP(30) ,ZDFK(3 0 ) ,ZDFKP(30),
& R(3 0 ) ,RMN(30), YW(3 0 ) ,
& VOLM(30,26,25) , V0LV(3 0 , 2 6 , 2 5 ) ,
& VOLW(30,26,25),  VOLU(30,26,25)
COMMON/WTING/
& FX( 3 0 ) , FXM(3 0 ) , F Y (3 0 ) , FYM(30), F V (3 0 ) , FVP(30) ,
& FZ(30) ,FZM(30)
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2
C0MM0N/ITER1/ ITER,LAST,TIME,DT
COMMON/NPTS/ IP T , I P T 1 , IP T2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2 
COMMON/FIRST/ IST,JST,KST 
COMMON/OVERFL/ OVFLW
DIMENSION U ( 3 0 , 2 6 , 2 5 ) , V ( 3 0 , 2 6 , 2 5 ) , P C ( 3 0 , 2 6 , 2 5 ) , P ( 3 0 , 2 6 , 2 5 ) ,
& RW(3 0 , 2 6 , 2 5 ) ,W(30, 2 6 , 2 5 ) ,Z K(3 0, 2 6 , 2 5 ) ,ZK2(30, 2 6 , 2 5 ) ,
& ZMUT(30, 2 6 , 2 5 ) ,GAM(30 ,26 ,25) ,R HO(30 ,26 ,25)
EQUIVALENCE
& ( V A R ( 1 , 1 , 1 , 1 ) , V ( 1 , 1 , 1 ) ) , (VAR(1 , 1 , 1 , 2 ) ,RW(1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 3 ) , U ( 1 , 1 , 1 ) ) ,
& ( V A R ( 1 , 1 , 1 , 4 ) , P ( 1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 5 ) , PC(1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 6 ) ,ZK(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 7 ) ,ZK2(1 , 1 , 1 ) )
EQUIVALENCE
& (VAR(1 , 1 , 1 , 1 1 ) , W(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 2 ) ,ZMUT(1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 1 3 ) , GAM(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 4 ) , RHO(1 , 1 , 1 ) )
ENTRY PROPWT
FOR DENSITY AND EXCHANGE COEFFICIENTS
DO 4100 K=1, KPT 
DO 4100 J = 1 , JPT 
DO 4100 1 = 2 , IPT
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IF(IT ER. EQ. 0 . OR. RHOVAR)
& RHOIWT( I , J,K)=FXM(I)*RHO(I- 1 , J , K)+FX(I)*RHO(I, J , K)
GAMIWT(I, J , K ) = l /  ( FXM(I) / ( GAM(I, J , K)+OVFLW)
& +FX(I) /(GAM(I-l ,J ,K)+OVFLW))
I F ( I . EQ.2 )  GAMIWT( 2 , J , K)=GAM(1 , J , K)
I F ( I . EQ.IPT) GAMIWT(IPT,J, K)=GAM(IPT, J , K)
4100 CONTINUE
C
DO 4150 K=1,KPT 
DO 4150 1 = 1 , IPT 
DO 4150 J = 2 , J P T  
IF(ITER.EQ.O.OR.RHOVAR)
& RHOJWT(I, J , K)=FYM(J)*RHO(I ,J-1,K)+FY(J)*RHO(I , J , K)
GAMJWT(I,J,K)=1/ (RMN(J)*(FYM(J)/(R(J)*GAM(I,J,K)+OVFLW)
& + F Y (J ) / ( R ( J -1 )* G A M (I , J-l,K)+OVFLW))+OVFLW)
I F ( J . EQ.2)  GAMJWT(1 , 2 , K)=GAM(I, 1 , K)
I F ( J . EQ. JPT)  GAMJWT( I , J P T , K)=GAM(I, J P T , K)
4150 CONTINUE
C
DO 4200 J = 1 , JPT 
DO 4200 1 = 1 , IPT 
DO 4200 K=2,KPT
IF(ITER.EQ.O.OR.RHOVAR)
& RHOKWT(I,J,K)=FZM(K)*RHO(I, J ,K -1 )+ F Z (K )* R H 0 ( I , J , K)
GAMKWT(I, J , K ) = l /  ( FZM(K)/(GAM(I, J , K)+OVFLW)
& +FZ(K)/(GAM(I ,J ,K-1)+0VFLW))
IF(K.EQ.2)  GAMKWT(I, J ,2 )=GAM(I , J , 1 )
IF(K.EQ.KPT) GAMKWT(I, J , KPT)=GAM(I, J , KPT)
4200 CONTINUE
C
DO 4300 K=2,KPT 
DO 4300 J = 2 , J P T  
DO 4300 1 = 2 , IPT 
IF(ITER.EQ.O.OR.RHOVAR)
& RHOIED(I, J , K)=FZM(K)*RHOJWT(I,J, K-1)+FZ(K)*RHOJWT(I, J , K)
GAMIED(I, J , K)=l/(FZM(K)/(GAMJWT(I, J , K)+OVFLW)
& +FZ(K)/(GAMJWT(I, J , K-l)+OVFLW))
IF (K .EQ.2 )  GAMIED(I, J,2)=GAMJWT(I, J , 1 )
I F ( K . EQ. KPT) GAMIED(I, J , KPT)=GAMJWT(I, J , KPT)
4300 CONTINUE
C
DO 4350 1 = 2 , IPT 
DO 4350 K=2,KPT 
DO 4350 J= 2 , J P T  
IF(ITER.EQ.O.OR.RHOVAR)
& . RHOJED(I, J,K)=FXM(I)*RHOKWT(1 - 1 ,J,K)+FX(I)*RHOKWT(I, J ,K )
GAMJED(I, J , K)=l/(FXM(I)/(GAMKWT(I, J , K)+OVFLW)
& +FX(I)/(GAMKWT(I-1,J,K)+0VFLW))
I F ( I . EQ.2 )  GAMJED(2 , J , K)=GAMKWT(1 , J , K)
I F ( I . EQ. IPT) GAMJED(IPT, J , K)=GAMKWT(IPT, J , K)
4350 CONTINUE
C
DO 4400 J= 2 , JP T  
DO 4400 1 = 2 , IPT 










& RHOKED(I, J , K)=FYM(J)*RHOIWT(I, J - l , K)+FY(J)*RHOIWT(I, J , K)
GAMKED(I,J,K)=l/(RMN(J)*(FYM(J)/(R(J)*GAMIWT(I,J,K)+OVFLW)
& +FY(J)/(R(J-l)*GAMIWT(I,J-l ,K)+OVFLW))+OVFLW)
I F ( J . EQ. 2 )  GAMKED(1 , 2 , K)=GAMIWT(I, 1 , K)





DO 4600 J = 2 , JPT 
DO 4600 1 = 2 , IPT 
VKAVG(I, J , 2 ) = V ( I , J ,1 )
VKAVG(I ,J ,KPT)=V(I ,J ,KPT)
DO 4600 K=3,KPT1
FL=ZDFK(K)*V(I, J , K)*RHOJWT(I, J ,K )
FLM=ZDFKP(K-1)*V(I, J , K-1)*RH0JWT(I, J , K - l )  








DO 4650 J = 2 , JPT 
DO 4650 1 = 2 , IPT 
UKAVG(I, J , 2 ) = U ( I , J , 1 )
UKAVG(I, J ,K P T ) = U ( I , J ,KPT)
DO 4650 K=3,KPT1
FL=ZDFK(K)*U(I, J,K)*RHOIWT(I, J ,K )  
FLM=ZDFKP(K-1)*U(I,J ,K-1)*RH0IWT(I,J ,K-1)  








DO 4700 K=2, KPT 
DO 4700 1 = 2 , IPT 
WJAVG(1 , 2 , K)=W(I, 1 , K)
WJAVG(I,JPT,K)=W(I ,JPT,K)
DO 4700 J= 3 ,JPT1
FL=ARXJ(J)*W(I, J , K)*RHOKWT(I, J , K)
FLM=ARXJP(J-1)*W(I, J - l , K)*RHOKWT(I, J - l , K) 













DO 4750 K=2,KPT 
DO 4750 1 = 2 , IPT 
UJAVG(1 , 2 , K)= U(I , 1 , K)
UJAVG(I, J P T , K ) = U ( I , JPT,K)
DO 4750 J= 3 ,JPT1
FL=ARXJ(J)*U(I ,J ,K)*RHOIWT(I ,J ,K) 
FLM=ARXJP(J-1)*U(I ,J -1 ,K)*RH0IWT(I ,J -1 ,K)  








DO 4800 K=2,KPT 
DO 4800 J = 2 , JPT 
VIAVG(2,J ,K)=V(1 , J , K )
VIAVG(IPT, J , K)=V(IPT, J , K)
DO 4800 1 = 3 , IPT1
FL=XDFI( I)*V( I , J ,K)*RHOJWT(I, J , K )
FLM=XDFIP(I-1)*V(1 - 1 , J,K)*RHOJWT(1 - 1 , J ,K )








DO 4850 K=2, KPT 
DO 4850 J = 2 , J P T  
WIAVG(2,J,K)=W(1,J,K)
WIAVG(IPT,J, K)= W(IPT, J , K)
DO 4850 1 = 3 , IPT1
FL=XDFI(I)*W(I , J,K)*RHOKWT(I, J , K) 
FLM=XDFIP(I-1)*W(I-1 ,J,K)*RH0KWT(I-1,J,K) 








A SUBROUTINE FOR THE SOURCE TERMS IN ISOTROPIC MODEL. 
COMPARABLE TO SUBROUTINE SOURCN FOR NONISOTROPIC MODEL
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C SOURCE AND SOURCN SHOULD NOT BE IN THIS PROGRAM AT THE SAME TIME. 
C
IMPLICIT REAL*8 (A-H.O-Z)
COMMON/VARS/ VAR(3 0 , 2 6 , 2 5 , 1 4 )
COMMON/CALN/ CP(3 0 , 2 6 , 2 5 ) , CON(3 0 , 2 6 , 2 5 ) ,
& C I P ( 3 0 , 2 6 , 2 5 ) , C I M ( 3 0 ,2 6 , 2 5 ) ,
& CJP( 3 0 , 2 6 , 2 5 ) , CJM(3 0 , 2 6 , 2 5 ) ,
& CKP(3 0 , 2 6 , 2 5 ) ,CKM(30,26,25)
COMMON/VELAVG/ UJAVG(3 0 , 2 6 , 2 5 ) , VIAVG(3 0 , 2 6 , 2 5 ) , WIAVG(3 0 , 2 6 , 2 5 ) ,  
& UKAVG(3 0 , 2 6 , 2 5 ) , VKAVG(3 0 , 2 6 , 2 5 ) , WJAVG(3 0 , 2 6 , 2 5 )
COMMON/PROP/RHOIWT(30,26,25),RHOJWT(30,26,25),RHOKWT(30. 2 6 , 2 5 ) ,  
& GAMIWT(3 0 , 2 6 , 2 5 ) ,GAMJWT(3 0 , 2 6 , 2 5 ) , GAMKWT( 3 0 , 2 6 , 2 5 ) ,
& RH0IED(30 ,26,25) ,RHOJED(30,26,25) ,RHOKED(30,26 ,25) ,
& GAMIED(3 0 , 2 6 , 2 5 ) ,GAMJED(30, 2 6 , 2 5 ) ,GAMKED(30, 2 6 , 2 5 )
COMMON/NODES/
& X( 3 0 ) , XU(3 0 ) ,XDG(30),XDF(3 0 ) , XDSG(3 0 ) ,
& Y ( 3 0 ) , YV(3 0 ) ,YDG(30), YDF(3 0 ) ,YDSG(30),
& Z ( 3 0 ) ,ZW(30) , ZDG(3 0 ) ,Z D F (3 0 ) , ZDSG(3 0 ) ,
& YDFR(30),YDSGR(30),ARX(3 0 ) ,ARXJ(30) ,ARXJP(30) ,
& XDFI(30 ) ,X DF IP(3 0) , ZDFK(3 0 ) ,ZDFKP(30),
& R(3 0 ) , RMN(3 0 ) , YW(3 0 ) ,
& VOLM(30,26,25), V0L V (30 ,2 6 ,25 ) ,
& VOLW(3 0 , 2 6 , 2 5 ) ,  V0LU(30,26,25)
COMMON/WTING/
& FX( 3 0 ) ,  FXM( 3 0 ) ,  FY( 3 0 ) ,  FYM( 3 0 ) ,  FV (3 0 ) , FVP( 3 0 ) ,
& FZ(3 0 ) , FZM(30)
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2
COMMON/ITER1/ ITER,LAST,TIME,DT
COMMON/NPTS/ I P T , IP T 1 , IPT2 , J P T , J P T 1 , J P T 2 , KPT, KPT1, KPT2
COMMON/FIRST/ IST,JST,KST
COMMON/GAMLAM/ ZMUL
COMMON/SOR1/ GZ, GC, PATM
COMMON/OVERFL/ OVFLW
COMMON/SORTUR/ CMU(3 0 , 2 6 , 2 5 ) , RT(3 0 , 2 6 , 2 5 )
COMMON/LAXDT/ DTLAX(14)
DIMENSION G l ( 3 0 , 2 6 , 2 5 )
DIMENSION DWDR(3 0 , 2 6 , 2 5 ) , WR(3 0 , 2 6 , 2 5 )
DIMENSION U ( 3 0 , 2 6 , 2 5 ) , V ( 3 0 , 2 6 , 2 5 ) , P C ( 3 0 , 2 6 , 2 5 ) , P ( 3 0 , 2 6 , 2 5 ) ,
& R W ( 3 0 , 2 6 , 2 5 ) , W ( 3 0 , 2 6 , 2 5 ) , Z K ( 3 0 , 2 6 , 2 5 ) , ZK2(3 0 , 2 6 , 2 5 ) ,
& ZMUT(30,26, 2 5 ) ,GAM(30, 2 6 , 2 5 ) ,RHO(30, 2 6 , 2 5 )
EQUIVALENCE
& ( VAR( 1 , 1 , 1 , 1 ) , V ( 1 , 1 , 1 ) ) , (VAR(1 , 1 , 1 , 2 ) ,RW(1, 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 3 ) , U( 1 , 1 , 1 ) ) ,
& ( VAR(1, 1 , 1 , 4 ) , P ( 1 , 1 , 1 ) ) , ( V A R ( 1 , 1 , 1 , 5 ) ,P C(1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 6 ) ,ZK(1 , 1 , 1 ) ) , (VAR(1, 1 , 1 , 7 ) , Z K2( 1 , 1 , 1 ) )
EQUIVALENCE
& ( VAR(1 , 1 , 1 , 1 1 ) , W(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 2 ) ,ZMUT(1 , 1 , 1 ) ) ,







C SOURCE TERM FOR V 
C
DO 2100 K=KST,KPT1 
DO 2100 J=JST,JPT1 
DO 2100 1=1 ST, IPT1
TEMP= 0 . 5 *  (WJAVG(I, J , K)+WJAVG(I, J , K+l))
CON(I ,J ,K)=  RHOJWT( I,J,K)*TEMP**2/RMN(J)
C
TEMP31=R(J)*GAM(I, J , K)/YDF(J)
TEMP32=R(J-1)*GAM(I, J - l , K) /YDF(J-1)
I F ( J . E Q . J S T )  THEN 
TEMP32=R(1)*GAM(1 , 1 , K ) /Y D F( J - l )
ELSE I F ( J . E Q . J P T l )  THEN 
TEMP31=R(JPT)*GAM(I, JPT,K)/YDF(J)
END IF
TEMP3=TEMP31*V(I, J + l , K)+TEMP32*V(I, J - l , K )
TEMP = RMN(J)*YDSG(J)
CON(I, J , K)=CON(I, J , K)+TEMP3/TEMP 
C P ( I , J , K)= -(TEMP31+TEMP32)/TEMP
C
I F ( J . E Q . J S T )  THEN 
TEMP41=(W(I, J , K + l ) - W ( I , 1 , K+l) )/YDSG(J)
TEMP42=(W(I, J , K ) - W (I , 1 , K))/YDSG(J)
ELSE I F ( J . E Q . J P T l )  THEN 
TEMP41=(W(I, JP T ,K + 1 ) - W ( I , J - l ,K + 1 ) ) / Y D S G ( J )
TEMP42=(W(I, J P T ,K ) - W ( I , J - l , K ) ) / Y D S G ( J )
ELSE
TEMP41=(W(I, J , K + l ) - W ( I , J - l , K+l)) /YDSG(J)
TEMP42=(W(I, J , K ) -W (I , J - l , K))/YDSG(J)
END IF
TEMP41=GAMIED(I, J , K+l) *( TEMP41-WJAVG(I, J,K+1)/RMN(J)  ) 
TEMP42=GAMIED(I, J , K) *( TEMP42-WJAVG(I, J ,K) /RMN(J)  )
CON(I, J ,K ) = C O N ( I , J , K)+(TEMP41-TEMP42)/(ZDF(K)*RMN(J))
C
I F ( J . E Q . J S T )  THEN 
I F ( I . EQ.1ST) TEMP51=GAMKED(I ,J ,K)*(U(I ,J ,K)-U(I ,1 ,K))/YDSG(J) 
TEMP52=TEMP51
TEMP51=GAMKED(1 + 1 , J , K )* (U (1+1, J , K)- U(1 + 1 , 1 , K))/YDSG( J )
ELSE I F ( J . E Q . J P T l )  THEN 
I F ( I . EQ.1ST)
& TEMP51=GAMKED(I,J ,K)*(U(I ,JPT,K)-U(I , J - l , K ) ) / Y D S G ( J )
TEMP52=TEMP51
TEMP51=GAMKED(1+1 , J , K ) * ( U ( I + 1 , J P T , K ) - U ( 1+ 1, J - l , K ) ) / Y D S G ( J )
ELSE
I F ( I . EQ.1ST) TEMP51=GAMKED(I, J , K ) * ( U ( I , J , K ) - U ( I , J - l , K ) ) / Y D S G ( J )  
TEMP52=TEMP51
TEMP51=GAMKED(1+ 1 , J , K )* (U (1+1,J , K)- U(1 +1 ,J - l , K))/YDSG(J)
END IF
CON(I ,J ,K)=CON(I ,J , K)+(TEMP51-TEMP52)/XDF(I)
C
TEMP6= ( WJAVG(I, J , K+l)-WJAVG(I, J , K))/ZDF(K)
CON(I, J , K)=CON(I, J , K ) - 2 . *TEMP6*GAMJWT(I, J , K)/RMN(J)**2
C









C = = = = = = = = = = = = = = = =
ENTRY SORRW
SOURCE TERM FOR RW
DO 2200 K=KST,KPT1 
DO 2200 J=JST,JPT1 
DO 2200 1=1ST, IPT1 
TEMP2 = 2 . /YDFR(J)
I F ( J . EQ.2 .OR. J .E Q .J P T 1 )  THEN 
C P ( I , J , K)= 0.
TEMP= GAMIED(I, J+l,K)*RMN(J+1)*WJAVG(I, J + l , K) 
& -GAMIED(I, J ,K)*RMN(J)*WJAVG(I,J,K)
CON(I ,J ,K)= -TEMP2*TEMP 
ELSE
TEMP=GAMIED(I, J + l , K)*RMN(J+1)/YDSGR(J+l) 
C P ( I , J , K ) =  -TEMP2*TEMP *ARXJP(J)
TEMP= TEMP*ARXJ(J+1)*W(I, J + l , K)
& -GAMIED(I, J , K)*RMN(J)*WJAVG(I, J , K)
CON(I, J , K)= -TEMP2*TEMP 
END IF
IF(K.EQ.KST) THEN 
TEMP31=(V(I, J + l , K ) - V ( I , J + l , 1))/ZDSG(K)
TEMP32=(V( I ,J , K ) - V ( I , J , 1 ) ) / Z D S G (  K)
ELSE IF(K.EQ.KPTl)  THEN 
TEMP31=(V(I, J + l , K P T ) - V ( I , J + l , K-1))/ZDSG(K) 
TEMP32=(V(I, J , K P T ) -V ( I , J , K- l) ) /ZDSG( K)
ELSE
TEMP31=(V(I, J + l , K ) - V ( I , J + l ,K -1 ) ) /Z D S G (  K) 
T E M P 3 2 = (V ( I ,J ,K ) - V ( I , J ,K -1 ) ) /Z D S G ( K )
END IF
TEMP31=RMN(J+1)*GAMIED(I, J + l , K)*TEMP31 
TEMP32=RMN(J)*GAMIED(I,J,K)*TEMP32 
CON(I ,J ,K)=CON(I , J , K)+(TEMP31-TEMP32)/YDFR(J)




ELSE IF(K.EQ.KPTl)  THEN 
TEMP41=GAM(I, J , KPT)/ZDF(K)
END IF
TEMP4= TEMP41*RW(I, J , K+1)+TEMP42*RW(I, J , K - l )  
TEMP=R(J)**2 *ZDSG(K)
CON(I, J , K)=CON(I, J , K)+TEMP4/TEMP
C P ( I , J , K )= CP(I , J , K)-(TEMP41+TEMP42)/TEMP
TEMP51=0. 5*GAM(I, J , K ) * ( V ( I , J + l , K ) + V ( I , J , K)) 
TEMP52=0. 5*GAM(I,J , K - l ) * ( V ( I , J + l , K - l ) + V ( I , J , K - l ) ) 
IF(K.EQ.KST) THEN







TEMP51 = 0 .5*GAM(I, J , K PT )* (V (I , J + l , KPT)+V(I , J , KPT))
END IF
CON(I, J ,K)=CON(I , J , K)+2.*(TEMP51-TEMP52)/(R(J)*ZDSG(K))
C
IF(K.EQ.KST) THEN 
I F ( I . EQ.1ST) TEMP61=(U(I, J , K ) - U ( I , J , 1))/ZDSG(K) 
TEMP62=TEMP61
TEMP61=(U(1+1 ,J , K ) - U ( 1+1 ,J , 1))/ZDSG(K)
ELSE IF(K.EQ.KPTl) THEN 
I F ( I . EQ.1ST) TEMP61=(U(I, J , K P T ) - U ( I , J , K- l ) ) /2DSG(K)  
TEMP62=TEMP61
TEMP61=(U(1+1 , J , KPT)-U(1+1 ,J , K-1 ) )/ZDSG(K)
ELSE
I F ( I . EQ.1ST) TEM P61 = (U ( I ,J ,K ) - U ( I , J ,K -1 ) ) /Z D S G (K )  
TEMP62=TEMP61
TE M P61=(U ( I+ 1 ,J ,K)- U(I +1 ,J ,K -1 )) /Z D SG (K )
END IF
TEMP61=GAMJED(1+ 1 , J , K)*TEMP61 
TEMP62=GAMJED(I, J , K)*TEMP62 




C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
ENTRY SORU
SOURCE TERM FOR U
DO 2300 K=KST,KPT1 
DO 2300 J=JST,JPT1 
DO 2300 1=1 ST, IPT1 
CON(I ,J ,K)= RHOIWT(I,J,K)*GZ/GC
I F ( I . EQ.1ST) THEN 
TEMP31=(V(I,J+1, K ) - V (1 ,J+1,K)) /XDSG( I )  
TE M P 3 2 = (V ( I ,J ,K ) - V (1 , J ,K ) ) /X D S G (I )
ELSE I F ( I . E Q . I P T l )  THEN 
TEMP31=(V(IPT, J + l , K)- V(1 - 1 , J + l , K)) /XDSG(I) 
TEMP32=(V(IPT,J , K )- V (1 - 1 , J , K)) /XDSG(I)
ELSE
TEMP31=(V(I, J + l , K ) - V (1 - 1 , J + l , K))/XDSG(I) 
TEMP32=(V(I, J , K ) - V ( 1 - 1 , J , K))/XDSG( I )
END IF
TEMP31=RMN(J+1)*GAMKED(I,J+1,K)*TEMP31 
TEMP32=RMN(J)*GAMKED(I, J , K)*TEMP32 
CON(I, J , K)=CON(I, J , K)+(TEMP31-TEMP32)/YDFR(J)
I F ( I . EQ.1ST) THEN 
TEMP41=(W(I, J ,K + 1 ) - W (1 , J , K+ l)) /XDS G(I) 
TEMP42=(W(I, J , K)—W(1 , J ,K ) ) /X D S G ( I )
ELSE I F ( I . E Q . I P T l )  THEN 
TEMP41=(W(IPT,J ,K+1)-W(I-1 , J , K+ l)) /XDS G(I) 







TEMP41=(W(I, J , K+l)-W(1 -1 , J , K+1))/XDSG(I) 
TEMP42=(W(I,J,K)-W(I-1,J,K))/XDSG(I)
END IF





TEMP52=GAM(1-1,  J , K)/XDF(1-1)
IF(I .EQ.IST) THEN 
TEMP52=GAM(1 ,J , K)/XDF(1-1)




CON(I,J , K)=CON(I, J , K)+TEMP5/XDSG(I)




C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
ENTRY SORK







DO 2600 K=KST,KPT1 
DO 2600 J=JST,JPT1 
DO 2600 1=1ST, IPT1
DVDR=(V(I,J+ l ,K )-V(I , J ,K)) /YDF(J)






TEMP2=(W(I, J , K+l) - W ( I , J , K))/ZDF(K) 
TEMP2=TEMP2+ 0 . 5*(V (I ,J , K)+V(I, J + l , K)) 
TEMP=TEMP2/R(J)














TEMP=WJAVG(I, J + l , K)+WJAVG(I, J + l , K+l)
TEMP=TEMP - ( WJAVG(I, J , K)+WJAVG(I,J , K+l))
DWDR(I,J,K)= 0 . 5*TEMP/YDF(J)
WR(I,J , K)= 0.5*(W(I ,J ,K)+W(I,J ,K+1)) /R(J)
TEMP=VKAVG(I, J , K+1)+VKAVG(I, J + l , K+l)
TEMP=TEMP - ( VKAVG(I, J , K)+VKAVG(I,J + l , K))
DVD0=0.5*TEMP/(R(J)*ZDF(K))
TEMP=DWDR(I, J , K)-WR(I, J , K)+DVDO 






TEMP=WIAVG(1+1,J , K)+WIAVG(1+1,J , K+l)
TEMP=TEMP - ( WIAVG(I,J , K)+WIAVG(I, J , K+l))
DWDZ=0. 5*TEMP/XDF(I)
TEMP=UKAVG(1+1,J , K+1)+UKAVG(I,J,K+l)
TEMP=TEMP - ( UKAVG(1+1,J,K)+UKAVG(I,J , K))
DUD0=0. 5*TEMP/(R(J)*ZDF(K))
TEMP=DWDZ+DUDO






TEMP=UJAVG(1+1,J + l , K)+UJAVG(I,J + l , K)
TEMP=TEMP - ( UJAVG(1+1,J , K)+UJAVG(I,J , K))
DUDR=0.5*TEMP/YDF(J)
TEMP=VIAVG(1+1,J + l , K)+VIAVG(1+1, J , K)
TEMP=TEMP - ( VIAVG(I,J + l , K)+VIAVG(I,J , K))
DVDZ=0. 5*TEMP/XDF(I)
TEMP=DUDR+DVDZ






G l ( I , J , K)=TEMP1+TEMP2+TEMP3+TEMP4+TEMP5+TEMP6
C
IF(ZK(I, J ,K) .GE. l .D-10) THEN 
CON(I,J , K)=ZMUT(I,J , K)*G1(I,J , K)
CP(I ,J,K)=-(RHO(I,J ,K)*ZK2(I ,J ,K )) /ZK(I , J ,K)
ELSE
CON(I,J,K)=ZMUT(I,J,K)*G1(I>J,K) -  RHO(I,J ,K)*ZK2(I, J ,K) 
CP(I ,J ,K)= 0.
END IF
C






















CON(I, J,K)=CON(I,J , K) + VAR(I, J,K,NVAR)/DTLAX(NVAR)
IF(ITER.LT.1) GO TO 2600 
TEMP=100. *DABS(CP(I,J , K)) - DABS(CON(I,J,K))








DO 2700 K=KST,KPT1 
DO 2700 J=JST,JPT1 
DO 2700 I=IST,IPT1 
TEMP1=0.
IF(CMU(I,J , K ) . LT.1 . D-10) GO TO 2710 
IF(ZK(I,J , K). LT.1 .D-10) GO TO 2710 
F l = l .




IF(DABS(RT(I,J , K )) . LT.1 . E-5) THEN 
TEMP=1.








CON(I, J , K)=TEMP1+ TEMP2*ZK2(I, J , K)
CP(I,J , K)=-2. *TEMP2
IF(ZK (I , J ,K ) . LT.1 .D-10 .OR. ZK 2(I , J ,K) . LT.l.D-10) GO TO 2700 
TEMP =C2*CC*RH0(I,J,K)*ZK(I,J,K)* WR(I,J,K)
CON(I,J , K)=CON(I,J , K)+TEMP*WR(I,J , K)










C IF(ITER. LT.1) GO TO 2700
C TEMP=100. *DABS(CP(I,J , K)) -  DABS(CON(I,J,K))









C A SUBROUTINE FOR THE SOURCE TERMS IN NONISOTROPIC MODEL.
C COMPARABLE TO SUBROUTINE SOURCE FOR ISOTROPIC MODEL.




COMMON/CALN/ CP(3 0 , 2 6 ,2 5 ) ,CON(30,26 ,25) ,
& CIP(30, 2 6 ,2 5 ) ,CIM(30,26,25) ,
& CJP(3 0 ,2 6 ,2 5 ) ,CJM(30,26,25) ,
& C KP(3 0 , 2 6 ,2 5 ) , CKM(30,26,25)
COMMON/VELAVG/ UJAVG(3 0 ,2 6 ,2 5 ) ,VIAVG(3 0 ,2 6 ,2 5 ) ,WIAVG(30,26 ,25) ,  
& UKAVG(30, 2 6 , 2 5 ) , VKAVG(3 0 ,2 6 ,2 5 ) ,WJAVG(30,26,25)
COMMON/PROP/RHOIWT( 3 0 , 2 6 , 2 5 ) , RHOJWT(3 0 ,2 6 ,2 5 ) ,RHOKWT(30,26 ,25) ,  
& GAMIWT(30,26,25),GAMJWT(30,26,25),GAMKWT(30,26,25),
& RHOIED(3 0 , 2 6 ,2 5 ) , RHOJED(3 0 ,2 6 ,2 5 ) ,RH0KED(30,26,25),
& GAMIED(30, 2 6 ,2 5 ) ,GAMJED(30,2 6 ,2 5 ) ,GAMKED(30,26,25)
COMMON/NODES/
& X(3 0 ) , XU(3 0 ) ,XDG(30),XDF(30), XDSG(30),
& Y(3 0 ) , YV(3 0 ) ,YDG(3 0 ) ,YDF(30),YDSG(30),
& Z( 3 0 ) , ZW(3 0 ) , ZDG(3 0 ) ,ZDF(30),ZDSG(30),
& YDFR(30),YDSGR(30),ARX(30),ARXJ(30),ARXJP(30),
& XDFI ( 3 0 ) ,XDFIP(30),ZDFK(30),ZDFKP(30),
& R(30),RMN(30),YW(30),
& VOLM(30,26,25), VOLV(30,26 ,25) ,
& VOLW(30,26,25), VOLU(30,26,25)
COMMON/WTING/
& FX(3 0 ) , FXM(30), FY(30), FYM(30), FV(3 0 ) , FVP(30),
& FZ(30), FZM(30)
COMMON/NUMBER/
& NVAR, MAXVAR, NW, NZMUT, NGAM, NRHO,
& NV,NRW,NU,NPC,NP,NK,NK2
C0MM0N/ITER1/ ITER,LAST,TIME,DT




COMMON/SORNON/ SRR(3 0 , 2 6 ,2 5 ) , SOO(3 0 ,2 6 ,2 5 ) ,SZZ(30,26 ,25) ,
& SOZ(30,26,25), SRO(30,26,25),
& SRRIWT( 3 0 ,2 6 , 2 5 ) ,SRRJWT(30,2 6 ,2 5 ) ,SRRKWT(30,26,25),
& SOOIWT(3 0 ,2 6 ,2 5 ) , SOOJWT(3 0 ,2 6 ,2 5 ) ,SOOKWT(30,26 ,25) ,
& SZZIWT(30,26,25),SZZJWT(30,26,25),SZZKWT(30,26,25),
& SOZIWT(30,2 6 ,2 5 ) ,SOZJWT(3 0 ,2 6 ,2 5 ) ,SOZKWT(30,26,25),
& S ROIWT( 3 0 ,2 6 , 2 5 ) ,SROJWT(30,26,25),SROKWT(30,26,25),
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TEMP41=(W(I,J , K+l)-W(I,J-l,K+1))/YDSG(J) 
TEMP42=(W(I,J,K)-W(I,J-1,K))/YDSG(J)
END IF
TEMP41= ( 6AMIED(I,J , K+l)/SROIED(I,J , K+l) )
& *( TEMP41-WJAVG(I,J,K+1)/RMN(J) )
TEMP42= ( GAMIED(I,J,K)/SR0IED(I, J , K) )
& *( TEMP42-WJAVG(I,J,K)/RMN(J) )
CON(I,J , K)=C0N(I,J , K)+(TEMP41-TEMP42)/(ZDF(K)*RMN(J))
IF(J.EQ.JST) THEN 
I F ( I . EQ.1ST) TEMP51=GAMKED(I,J ,K )* (U ( I , J ,K ) - U ( I , 1 , K))/YDSG(J) 
TEMP52=TEMP51
TEMP51=GAMKED(I+1,J,K)*(U(I+1,J,K)-U(1+1,1,K))/YDSG(J)
■ ELSE IF(J.EQ.JPTl)  THEN 
I F ( I . EQ.1ST)
& TEMP51=GAMKED(I,J,K)*(U(I,JPT,K)~U(I,J-1,K))/YDSG(J)
TEMP52=TEMP51
TEMP51=GAMKED(I+1,J,K)*(U(I+1,JPT,K)-U(1+1,J - l , K))/YDSG(J)
ELSE




CON(I,J , K)=CON(I, J , K)+(TEMP51-TEMP52)/XDF(I)
TEMP67= GAMJWT(I,J , K)/SOOJWT(I, J , K)
TEMP67= 2.* TEMP67 /RMN(J)**2 
TEMP6= (WJAVG(I,J , K+l)-WJAVG(I,J , K))/ZDF(K)
CON(I, J , K)=C0N(I, J , K) -TEMP67*TEMP6
IF(SOOJWT(I,J, K).GT.O.)  THEN 
CP(I ,J ,K)=CP(I , J , K) -TEMP67 
ELSE
CON(I,J , K)=CON(I, J , K) -TEMP67*V(I,J , K)
END IF






TEMP = ZDF(K)*RMN(J)**2 
CON(I,J , K)=CON(I, J , K)+TEMP8/TEMP 
CP(I,J ,K)= CP(I ,J ,K) -(TEMP1+TEMP2)/TEMP
CP(I ,J ,K)=CP(I, J ,K) -  l./DTLAX(NVAR)
CON(I, J,K)=CON(I, J ,K) + VAR(I, J , K, NVAR)/DTLAX(NVAR)
IF(ITER.LT.l)  GO TO 2100 
TEMP= 100. *DABS(CP(I, J ,K ) )  -  DABS(CON(I,J,K))









DO 2200 K=KST,KPT1 
DO 2200 J=JST,JPT1 
DO 2200 I=IST,IPT1 
TEMP2 = 2./YDFR(J)
TEMP21= (GAMIED(I,J + l , K)/SROIED(I,J + l , K))*RMN(J+l)
TEMP22= ( GAMIED(I,J,K)/SROIED(I, J ,K ))  *RMN(J)*WJAVG(I, J , K)
I F ( J . EQ.2 .OR. J.EQ.JPT1) THEN 
CP(I,J ,K)= 0.
TEMP= TEMP21*WJAVG(I,J+1,K) -TEMP22 
CON(I,J , K)= -TEMP2*TEMP 
ELSE
TEMP= TEMP21/YDSGR(J+1)
CP(I ,J , K)= -TEMP2*TEMP *ARXJP(J)
TEMP= TEMP*ARXJ(J+1)*W(I,J+1,K) -TEMP22 





TEMP32=(V(I,J , K)-V(I ,J , 1 ) )/ZDSG(K)
ELSE IF(K.EQ.KPTl) THEN 
TEMP31=(V(I,J+1,KPT)-V(I,J+1,K-1))/ZDSG(K)
TEMP32=(V(I,J , KPT)—V (I , J , K-1))/ZDSG(K)
ELSE
TEMP31=(V(I,J+1, K)-V(I , J+l,K-1))/ZDSG(K)
TEMP32=(V(I,J , K)-V(I ,J,K-1))/ZDSG(K)
END IF
TEMP31=TEMP31 *RMN(J+1)*GAMIED(I, J+l ,K)/SROIED(I,J , K+l)
TEMP32=TEMP32 *RMN(J)*GAMIED(I,J , K)/SROIED(I, J , K)




TEMP1=TEMP41*2. /SOO(I, J , K)






TEMP1=TEMP41*2. /SOO(I,J , KPT)
END IF
TEMP4= (TEMP1-TEMP41)*RW(I,J,K+1)
& +(TEMP2-TEMP42)*RW(I,J , K- l) +(TEMP41+TEMP42)*RW(I,J,K)
TEMP=R(J)**2 *ZDSG(K)
CON(I,J , K)=CON(I,J , K)+TEMP4/TEMP
CP(I ,J ,K)=CP(I ,J,K)-(TEMP1+TEMP2)/TEMP
C









TEMP52=0.5*GAM(I,J,K-1)*(V(I,J+1,K-1)+V(I,J,K-l)) /SOO(I,J , K-l) 
IF(K.EQ.KST) THEN
TEMP52=0.5*GAM(I,J,1)*(V(I,J+1, 1)+V(I,J , l ) ) /S O O (I ,J ,1)
ELSE IF(K.EQ.KPTl) THEN
TEMP51=0. 5*GAM(I, J , KPT)*(V(I,J + l , KPT)+V(I, J , KPT))/SOO(I, J , KPT) 
END IF





TEMP61=(U(1+1,J , K)-U(1+1, J , 1))/ZDSG(K)
ELSE IF(K.EQ.KPTl) THEN








TEMP61=TEMP61*GAMJED(1+1,J , K)/SOZJED(1+1,J , K) 
TEMP62=TEMP62*GAMJED(I,J , K)/SOZJED(I, J , K)
CON(I,J , K)=CON(I, J , K)+(TEMP61-TEMP62)/XDF(I)
C
TEMP71=RMN(J+1)*GAMIED(I,J+1,K)/YDG(J+1)
TEMP72=RMN(J) *GAMIED(I, J , K)/YDG(J)
TEMP1=TEMP71/SR0IED(I,J + l , K)
TEMP2=TEMP72/SROIED(I, J , K)
TEMP7= (TEMP1-TEMP71)*RW(I,J+1,K)
& +(TEMP2-TEMP72)*RW(I,J-1,K) +(TEMP71+TEMP72)*RW(I,J,K)
CON(I,J , K)=CON(I, J , K)+TEMP7/YDFR(J)
CP(I, J ,K)=CP(I ,J,K)-(TEMP1+TEMP2)/YDFR(J)
C
TEMP81=GAMJED(1+1,J , K)/XDG(1+1)




& +(TEMP2-TEMP82)*RW(I-1,J,K) +(TEMP81+TEMP82)*RW(I, J , K)
CON(I,J , K)=CON(I, J , K)+TEMP8/XDF(I)
TEMP = TEMP1+TEMP2 
IF(TEMP.GT.O.) THEN 
CP(I,J , K)=CP(I, J , K)-TEMP/XDF(I)
ELSE
CON(I,J,K)=CON(I, J ,K ) -  RW(I,J,K)* TEMP/XDF(I)
END IF
CP(I ,J ,K)=CP(I ,J ,K)  -  1 ./DTLAX(NVAR)
CON(I,J,K)=CON(I,J,K) + VAR(I,J,K,NVAR)/DTLAX(NVAR)
IF(ITER.LT.l) GO TO 2200
TEMP= 100. *DABS(CP(I,J,K)) -  DABS(CON(I,J,K))









DO 2300 K=KST,KPT1 
DO 2300 J=JST,JPT1 
DO 2300 I=IST,IPT1 
CON(I,J,K)= RHOIWT(I,J,K)*GZ/GC
C
IF(I .EQ.IST) THEN 
TEMP31=(V(I, J + l , K)-V(1 ,J+l,K))/XDSG(I)
TEMP32=(V(I,J , K)-V(1,J , K))/XDSG(I)
ELSE IF(I .EQ.IPTl)  THEN 
TEMP31=(V(IPT,J+l, K)-V(1 -1 , J + l , K))/XDSG(I) 
TEMP32=(V(IPT,J,K)-V(I-1,J,K))/XDSG(I)
ELSE
TEMP31=(V(I,J + l , K)-V(1 -1 , J + l , K))/XDSG(I) 
TEMP32=(V(I,J,K)-V(I-1,J,K))/XDSG(I)
END IF
TEMP31=RMN(J+l)*GAMKED(I,J + l , K)*TEMP31 
TEMP32=RMN(J)*GAMKED(I, J,K)*TEMP32 
CON(I,J,K)=CON(I, J , K)+(TEMP31-TEMP32)/YDFR(J)
C
I F ( I . EQ.1ST) THEN 
TEMP41=(W(I,J , K+l)-W(1 ,J , K+l))/XDSG(I)
TEMP42=(W(I, J , K)-W(1,J , K))/XDSG(I)
ELSE IF(I .EQ.IPTl)  THEN 
TEMP41=(W(IPT,J, K+l) -W(I—1,J,K+1))/XDSG(I) 
TEMP42=(W(IPT,J,K)-W(I-1,J,K))/XDSG(I)
ELSE
TEMP41=(W(I,J , K+l)-W(1-1 , J , K+l) )/XDSG(I)
TEMP42=(W(I, J ,K)-W(1-1 , J , K))/XDSG(I)
END IF
TEMP41=TEMP41*GAMJED(I,J,K+1)*TEMP41/S0ZJED(I,J,K+1) 
TEMP42=TEMP41*GAMJED(I,J , K)/SOZJED(I,J , K)
CON(I,J,K)=CON(I,J , K)+(TEMP41-TEMP42)/(R(J)*ZDF(K))
C
TEMP51=GAM(I, J , K)/XDF(I)
TEMP52=GAM(1 -1 , J , K)/XDF(1-1)
TEMP1=TEMP51*2. /S Z Z (I ,J , K) 
TEMP2=TEMP52*2./SZZ(I-1,J,K)
IF(I.EQ.IST) THEN
TEMP52=GAM(1 , J , K)/XDF(1-1)
TEMP2=TEMP52*2. /SZZ(1,J , K)
ELSE IF(I .EQ.IPTl)  THEN
TEMP51=GAM(IPT,J,K)/XDF(I)




















CP(I,J , K)= - ( TEMP1+TEMP2)/XDSG(I)




TEMP6= ( TEMP1-TEMP61)*U(I , J , K+l)
& +(TEMP2-TEMP62) *U(I , J ,K-1)
& +(TEMP61+TEMP62)*U(I,J,K)
TEMP=R(J)**2*ZDF(K)
C0N(I,J , K)=C0N(I,J , K)+TEMP6/TEMP 
TEMP12 = TEMP1+TEMP2 
IF(TEMP12.GT.O.) THEN 
CP(I, J , K)=CP(I, J , K)-TEMP12/TEMP 
ELSE
C0N(I,J ,K)=C0N(I,J ,K)-  U(I ,J ,K)*  TEMP12/TEMP 
END IF
CP(I, J ,K)=CP(I, J ,K) -  1 ./DTLAX(NVAR)
. C0N(I,J,K)=C0N(I,J,K) + VAR(I,J,K,NVAR)/DTLAX(NVAR)
IF(ITER.LT.l) GO TO 2300
TEMP= 100. *DABS(CP(I,J,K)) -  DABS(C0N(I,J , K))










— Note: AVGI.J.K should be c a l l e d  again here,  because V,W,U have 
been co r rec ted  a f t e r  PC eqn was solved.
DO 2600 K=KST,KPT1 
DO 2600 J=JST,JPT1 
DO 2600 I=IST,IPT1







TEMP2=TEMP2+ 0 . 5*(V (I ,J , K)+V(I,J + l , K))
TEMP=TEMP2/R(J)






DUDZ=(U(1+1,J ,K ) - U ( I ,J , K))/XDF(I)





TEMP=WJAVG(I,J + l , K)+WJAVG(I,J + l , K+l) 
TEMP=TEMP - ( WJAVG(I,J , K)+WJAVG(I, J , K+l)) 
DWDR(I,J,K)= 0.5*TEMP/YDF(J)
WR(I, J , K)= 0 . 5*(W(I,J,K)+W(I,J , K+l)) /R(J)  
TEMP=VKAVG(I,J,K+1)+VKAVG(I, J + l , K+l) 
TEMP=TEMP - ( VKAVG(I,J , K)+VKAVG(I,J + l , K)) 
DVDO=0.5*TEMP/(R(J)*ZDF(K))
TEMP=DWDR(I,J , K)-WR(I,J , K)+DVDO 






TEMP=WIAVG(1+1,J , K)+WIAVG(1+1,J , K+l) 
TEMP=TEMP -(WIAVGCI,J , K)+WIAVG(I,J , K+l)) 
DWDZ=0. 5*TEMP/XDF(I)
TEMP=UKAVG(1+1,J , K+l)+UKAVG(I, J , K+l) 
TEMP=TEMP - ( UKAVG(1+1,J , K)+UKAVG(I, J , K)) 
DUD0=0. 5*TEMP/(R(J)*ZDF(K))
TEMP=DWDZ+DUDO






TEMP=UJAVG(1+1,J + l , K)+UJAVG(I, J + l , K) 
TEMP=TEMP - ( UJAVG(1+1,J , K)+UJAVG(I, J , K)) 
DUDR=0. 5*TEMP/YDF(J)
TEMP=VIAVG(1+1,J + l , K)+VIAVG(1+1,J , K) 









G1(I,J ,K)= TEMP1/SRR(I,J ,K) +TEMP2/SOO(I,J,K) 
& +TEMP3/SZZ( I ,J ,K) +TEMP4/SRO(I,J,K)
& +TEMP5/SOZ(I,J,K) +TEMP6
C
CKK CON(I,J , K)=ZMUT(I,J ,K ) * 6 1 ( I ,J , K)
CKK CP(I,J ,K)=-(RH0(I,J ,K)*ZK2(I,J,K))/(ZK(I,J,K)+0VFLW)
IF(ZK(I,J , K).GE.1 .D-10) THEN 
CON(I,J , K)=ZMUT(I,J ,K )*G1(I , J ,K)
CP(I, J ,K)=-(RHO(I,J ,K)*ZK2(I,J ,K ) ) /ZK (I , J ,K )
ELSE
CON(I,J,K)=ZMUT(I,J,K)*G1(I,J,K) -  RH0(I,J,K)*ZK2(I,J,K)
CP(I, J , K)= 0.
END IF
C
TEMP11=GAMKWT(I, J , K+1)/ZDG(K+1)




& +(TEMP11+TEMP12)*ZK(I,J , K)
TEMP14= ( TEMP11*ZK(I,J , K+l) +TEMP12*ZK(I,J , K-l) )
& / (  ZK(I,J , K)+OVFLW )
TEMP=R(J)**2*ZDF( K)
CON(I,J,K)= CON(I, J , K) +TEMP13/TEMP 
CP(I,J ,K)= CP(I , J , K) -TEMP14/TEMP 
TEMP12 = TEMP1+TEMP2 
IF(TEMP12.GT.O.) THEN 
CP(I,J , K)=CP(I,J , K)-TEMP12/TEMP 
ELSE









TEMP24= (TEMP21*ZK(1+1,J,K)  +TEMP22*ZK(I-1,J,K))
& / (  ZK(I,J,K)+OVFLW )
TEMP24= TEMP24 +TEMP1 +TEMP2 
CON(I, J , K)= CON(I,J,K) +TEMP23/XDF(I)
CP(I ,J,K)= CP(I ,J ,K)  -TEMP24/XDF(I)
C
C CP(I,J ,K)=CP(I ,J ,K)  -  1 ./DTLAX(NVAR)
C CON(I,J,K)=CON(I,J ,K) + VAR(I)J,K,NVAR)/DTLAX(NVAR)
C
C IF(ITER.LT.1) GOTO.2600
C TEMP=100. *DABS(CP(I,J,K)) -  DABS(CON(I,J,K))








DO 2700 K=KST,KPT1 
DO 2700 J=JST,JPT1 
DO 2700 I=IST,IPT1 
TEMP1=0.
IF(CMU(I,J,K). LT.1 .D-10) GO TO 2710 
IF(ZK(I,J ,K).LT.1.D-10) GO TO 2710 
F l = l .
IF(DABS(CMU(I,J , K )) . LT. 5 . )  F l = l . + ( 0 . 0045/CMU(I, J ,K ))  
C1=1.44*F1
TEMP1=C1*CMU(I,J,K)*RHO(I,J , K)*ZK(I, J ,K )*G1(I ,J ,K)
2710 CONTINUE
C
IF(DABS( RT( I , J , K ) ) . LT.1 . E-5) THEN 
TEMP=1.







TEMP2=C2*RH0(I,J , K)*ZK2(I,J,K)/(ZK( I , J,K)+OVFLW)
C
CON(I, J , K)=TEMP1+ TEMP2*ZK2(I,J , K)
CP(I ,J ,K )= -2 . *TEMP2
C
IF(ZK(I,J , K). LT.1 .D-10 .OR. ZK2(I, J , K ) . LT. 1 .D-10) GO TO 
TEMP =C2*CC*RH0(I, J ,K)*ZK(I,J , K)* WR(I,J,K)
CON(I, J , K)=C0N(I,J , K)+TEMP*WR(I, J , K)








TEMP12=GAMKWT(I, J , K)/ZDG( K)
TEMP1=TEMP11/S0ZKWT(I,J , K+l)
TEMP2=TEMP12/S0ZKWT(I, J , K)
TEMP13= TEMP1*ZK2(I,J , K+l) +TEMP2*ZK2(I,J , K-l)
& +(TEMP11+TEMP12)*ZK2(I,J,K)
TEMP14= ( TEMPI1*ZK2(I,J,K+1) +TEMP12*ZK2(I,J,K-1) )
& / (  ZK2(I,J,K)+OVFLW )
TEMP=R(J)**2*ZDF(K)
CON(I,J,K)= CON(I,J,K) +TEMP13/TEMP 
CP(I,J ,K)= CP(I ,J ,K) -TEMP14/TEMP 

























TEMP2=TEMP22/SZZIWT(I, J , K)
TEMP23= TEMP1*ZK2(I+1,J,K) +TEMP2*ZK2(I-1,J,K)
& +(TEMP21+TEMP22)*ZK2(I,J,K)
TEMP24= (TEMP21*ZK2(1+1,J ,K) +TEMP22*ZK2(I-1,J,K))
& / (  ZK2(I,J , K)+0VFLW )
TEMP24= TEMP24 +TEMP1 +TEMP2 
C0N(I,J,K)= C0N(I,J , K) +TEMP23/XDF(I)
CP(I ,J ,K)= CP(I ,J , K) -TEMP24/XDF(I)
CP(I ,J , K)=CP(I,J , K) - 1 ./DTLAX(NVAR)
C0N( I , J ,K)=C0N(I, J , K) + VAR( I , J ,K,NVAR)/DTLAX(N\/AR)
IF(ITER.LT.1) GO TO 2700
TEMP=100. *DABS(CP(I,J , K)) -  DABS(C0N(I,J,K))












COMMON/CALN/ CP(3 0 ,2 6 ,2 5 ) , C0N(30 ,26 ,25) ,
& CIP(30, 2 6 , 2 5 ) ,CIM(30,26 ,25) ,
& CJP(30, 2 6 , 2 5 ) ,CJM(30,26,25) ,
& CKP(30,26,25),CKM(30,26,25)
COMMON/PROP/RHOIWT(30,26, 2 5 ) , RHOJWT(30,2 6 ,2 5 ) ,RHOKWT(30,26 ,25) ,  
& GAMIWT(3 0 , 2 6 ,2 5 ) , GAMJWT( 3 0 ,2 6 , 2 5 ) , GAMKWT(30 ,26 ,25) ,
& RH0IED(3 0 ,2 6 ,2 5 ) ,RH0JED(30,26,25), RHOKED(30,26,25),
& GAMIED(30,26, 2 5 ) ,GAMJED(30,26,25),GAMKED(30,26,25)
COMMON/VELAVG/ UJAVG(3 0 , 2 6 ,2 5 ) , VIAVG(3 0 ,2 6 ,2 5 ) ,WIAVG(30,26 ,25) ,  
& UKAVG(30,26,25),VKAVG(30,26,25),WJAVG(30,26,25)
COMMON/NODES/






& VOLM(30,26,25), V0LV(30 ,26 ,25) ,
& V0LW(30,26,25), V0LU(30,26,25)
C0MM0N/WTING/












COMMON/NPTS/ IPT, IPT1, IPT2,JPT,JPT1, JPT2, KPT, KPT1, KPT2 
COMMON/NUMBER/











DIMENSION U(30,26 ,25) , V(30,2 6 ,2 5 ) ,PC(30,26, 2 5 ) , P(30,26,25),
& RW(3 0 ,2 6 ,2 5 ) ,W(30,26,25),ZK(30,26,25), ZK2(30,26 ,25) ,
& ZMUT(30,26,25),GAM(30,26,25),RHO(30,26,25)
DIMENSION UOLD(3 0 , 2 6 ,2 5 ) , VOLD(30,26 ,25) ,
& RWOLD(30,26,25),ZK0LD(30,26,25), ZK20LD(30,26,25)
DIMENSION UBLA(30,26, 2 5 ) , VBLA(30,2 6 ,2 5 ) ,WBLA(30 ,26 ,25) ,
& RWBLA(3 0 ,2 6 ,2 5 ) ,ZKBLA(3 0 ,2 6 ,2 5 ) ,ZK2BLA(30,26 ,25) ,
& PBLA(3 0 , 2 6 ,2 5 ) , PCBLA(30,26,25)
EQUIVALENCE
& ( V A R (1 ,1 ,1 ,1 ) ,V (1 ,1 ,1 ) ) , ( VAR(1, 1 , 1 , 2 ) ,RW(1 , 1 , 1 ) ) ,
& (V AR(1 ,1 ,1 ,3 ) ,U (1 ,1 ,1 ) ) ,
& (V A R (1 ,1 ,1 ,4 ) ,P (1 ,1 ,1 ) ) , (V A R (1 ,1 ,1 ,5 ) ,PC (1 ,1 ,1 ) ) ,
& ( VAR(1,1,1,6),ZK(1 , 1 , 1 ) ) , ( VAR(1,1,1,7),Z K2( 1 , 1 , 1 ) )
EQUIVALENCE
& ( VAR(1 , 1 , 1 , 1 1 ) , W(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 2 ) ,ZMUT(1 , 1 , 1 ) ) ,
& ( VAR(1 , 1 , 1 , 1 3 ) , GAM(1 , 1 , 1 ) ) , ( VAR(1 , 1 , 1 , 1 4 ) , RHO(1 ,1 ,1 ) )
C
C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
ENTRY VGRID
VARIABLE GRID STRUCTURE
—  Cen te r l ine  of the tank:  XU(16) -----
XU(16)=0.
XU(2)=-XL/2.






















































XU(6)= -4 .875 




























ELSE IF(RPM.EQ.200.0)  THEN 


















































C TURBULENCE MODEL 
C
DO 250 K=1, KPT 
DO 250 J=1, JPT 
DO 250 1=1,IPT 
C —  To avoid d iv ide  check —




RT( I ,J , K)=RHO(I, J , K)*ZK(I,J , K)**2/(ZMUL*ZK2(I,J , K)+OVFLW) 
RK=RHO(I, J , K)*ZK(I, J , K)**0. 5*YW(J)/ZMUL 
TEMPI = 0.
IF(RK.LT.500.)  TEMPI = DEXP(-0.0165*RK)




ZMUT( I , J,K)=CMU(I, J , K)*RHO(I,J , K)*ZK(I,J,K)**2 














DO 290 NPHI=1,NK2 











READ(5,37) JN,(VAR(I, J , 1 ,NPHI), I=IBEG,IEND), JNL 
ELSE
READ(5,38) JN, ( VAR(I, J , 1 , NPHI) , I=IBEG, I END)
END IF
285 CONTINUE
IF(IEND.LT.IPT) GO TO 280 
290 CONTINUE
CC
C 3 5 7 9 1 3 5 7 9 1 3 5 7 9 1 3 5 7 9 1 3 5 7 9 1 3 5 7 9 1 3 5 7 9  
DO 293 K=2, KPT 
DO 293 J= 1 ,JPT 
DO 293 1=1,IPT
V( I , J , K)= VAR(I,J , 1 ,NV)
W(I,J , K)= VAR(I,J , 1 ,NRW)
U(I ,J ,K)= VAR(I,J , 1 ,NU)
P ( I , J ,K )=  VAR(I,J, 1 ,NP)
ZK(I, J , K)= VAR(I,J,1,NK)
ZK2(I,J , K)= VAR(I,J, 1 ,NK2)
293 CONTINUE
CFAC = 0.3048*0.3048 
DO 295 K=1, KPT 
DO 295 J= 1 ,JPT 
DO 295 1=1,IPT
RHO(I,J , K)=RHOCON 
V(I ,J ,K)= V ( I , J , K ) /0 .3048 
W(I, J , K)= W(I, J , K ) / 0 . 3048 
RW(I, J , K)=R(J)*W(I, J , K)
U(I ,J ,K)= U ( I ,J , K ) / 0 .3048
P ( I , J ,K )=  P ( I , J ,K )*2116 .2/101330.0
CCC P ( I , J ,K )=  0.
CCC P ( I ,J , K)= RHOCON*(GZ/GC) *(XL-X(I))
PC(I ,J ,K)=.0
ZK(I,J,K)= ZK(I,J , K)/CFAC 
ZK 2(I ,J , K)= ZK2(I,J , K)/CFAC 
295 CONTINUE 
DO 298 K=1,KPT 
DO 298 J = 1 ,9 
DO 298 1=13,19
VBLA(I,J , K)= V (I , J , K)
RWBLA(I,J , K)= RW(I,J,K)
WBLA(I,J,K)= W(I,J,K)
UBLA(I,J , K)= U(I ,J ,K)
PBLA(I,J,K)= P ( I , J ,K )
ZKBLA(I,J,K)= ZK(I,J,K)








C DO 300 K=1,KPT
318




I F ( I . LE.12) THEN 
IF(I .GE.3) U ( I , 1 ,K)=U(I,2,K)






P(I ,2 ,K)= RHOCON*(GZ/GC)*(XL-X(I))
PC(I , 2 ,K)=0.
V(I,3,K)=0.




















C ZK2(I,JPT,K)=ZK2(I, JPT1, K)
300 CONTINUE
C
DO 340 K=1, KPT 










IF(J.GE.4) V(IPT,J,K)=V(IPT1,J , K)
















DO 360 1=2,IPT1 
DO 360 J=2 , JPT1
IF(J.NE.2) V (I ,J , 1)=0.5* ( V ( I ,J , KPT2)+V(I,J.KPT2-1)) 
RW(I,J,2)=RW(I, J,KPT2)
W(I,J,2)=RW(I,J , 2 ) / R ( J )
IF(I .NE.2) U ( I ,J , 1)=0.5* (U ( I , J,KPT2)+U(I,J,KPT2-1)) 
ZK(I,J , 1 )=0.5* ( ZK(I,J , KPT2)+ZK(I,J , KPT2-1))
ZK2( I , J , 1 )=0. 5* (Z.K2(I, J , KPT2)+ZK2( l ' , J , KPT2-1))
C
I F ( J . NE.2) V ( I ,J , KPT)=0.5* ( V ( I ,J , 3 ) + V ( I , J ,4 ))
RW(I,J , KPT)=RW(I, J ,4)
W( I , J , KPT)=RW(I, J ,KPT)/R(J)
IF(I .NE.2) U ( I ,J , KPT)=0.5* ( U ( I ,J , 3 ) + U ( I , J ,4 ))
ZK(I,J,KPT)=0.5* (Z K (I , J ,3 )+ Z K (I ,J ,4 ) )
ZK2(I,J , KPT)=0.5* (ZK 2(I ,J ,3 )+ZK 2(I ,J ,4 ) )  
IF(J.GE.JBAFFL) THEN 
RW(I,J ,3)=.0 










IF(J.NE.2) V ( I ,J,K)=VBLA(I,J,K)
IF(K.NE.2) RW(I, J,K)=RWBLA(I, J , K)
IF(K.NE.2) W(I,J,K)= WBLA(I,J,K)
U(I,J,K)=UBLA(I, J ,K)
P ( I , J , K)= PBLA(I,J,K)
PC(I,J ,K)= 0.
ZK(I,J , K)=ZKBLA(I, J , K)
ZK2(I, J , K)=ZK2BLA(I, J , K)
380 CONTINUE
DO 384 K=1,KPT 
DO 384 1=13,19
11=1-12 ,
U ( I , 9 , K)=UIBC(II)/60.
IF ( I .EQ .19) GO TO 384 
V(I,9,K)=VIBC(II) /60.
IF(K.EQ.l) GO TO 384 











C = = = = = = = = = = = = = = = = :
ENTRY CFFADD
COEFFICIENTS RELATED TO INTERNAL BOUNDARY CONDITIONS
IF(NVAR.EQ.NV) THEN 
DO 519 K=2,KPT1 
DO 510 1=13,IPT1 
CON(1 , 3 , K)=BIG*VAR(I, 3 , K, NVAR)
CP(1 , 3 , K)=-BIG 
510 CONTINUE •
DO 515 J= 3 ,9 
DO 515 1=13,18 
CON(I, J , K)=BIG*VAR(I,J , K, NVAR)




ELSE IF(NVAR.EQ.NRW) THEN 
DO 520 1=2,IPT1 
DO 520 J=JBAFFL,JPT1 
CON(I,J,3)=BIG*VAR(I,J , 3 , NVAR)
CP(I, J,3)=-BIG
CON(I,J , KPT1)=BIG*VAR(I, J , KPT1,NVAR)
CP(I,J,KPT1)=-BIG
520 CONTINUE
DO 529 K=3,KPT1 
DO 523 1=13,IPT1 




DO 525 1=13,18 
DO 525 J= 2 ,9 





ELSE IF(NVAR.EQ.NU) THEN 
DO 539 K=2,KPT1 
DO 530 1=13,IPT1 
CON(1 , 2 , K)=BIG*VAR(I, 2 , K.NVAR)
CP(I,2,K)=-BIG
530 CONTINUE
DO 533 J=2,9 
DO 533 1=13,19 
CON(I,J,K)=BIG*VAR(I,J , K.NVAR)




















ELSE IF(NVAR.EQ.NP .OR. NVAR.EQ.NPC) THEN 
DO 549 K=2,KPT1
Shaft -------







DO 544 J= 3 ,9 
DO 544 1=13,18 
CJM(I,J ,K )=0 .
CJP(I ,J - l , K)=0.
CONTINUE 
DO 546 J=2,9 






DO 553 1=13,IPT1 
DO 553 J=2,3 
CKM(I,J ,K )=0 .
CKP(I,J,K-1)=0.
CONTINUE 
DO 555 1=13,18 
DO 555 J=2,9 




DO 559 1=2,IPT1 
DO 559 J=JBAFFL,JPT1 
CKM(I,J,KPT1)=0.
CKP(I,J,KPT2)=0.
CKM(I,J , 3 ) = 0 .
CKP(I,J ,2)=0.
CONTINUE
ELSE IF(NVAR. EQ. NK.OR. NVAR. EQ. NK2) THEN 
DO 569 K=2,KPT1 
DO 560 1=13,IPT1 
CON(I,2,K)=BIG*VAR(I, 2 , K.NVAR) 
CP(I,2,K)=-BIG 
CONTINUE 
DO 563 1=13,18 
DO 563 J=2,9 










C = = = = = = = = = = = = = = = =
ENTRY ITERED
ITERATION
20 FORMAT(//,6X, 1 I t e r a t i o n  values fo r  the g i rd  po in t  ( '
& , 1 2 , 1, 1, 1 2 , 1, 1, 1 2 , 1) 1)
21 FORMAT(//,IX,' ITER' , 2X, 'CONTMX',4X,1 V *,4X,’ W ' ,4X,
& 1 U 1, 4X, 1 ZK ' ,3X, '  ZK2 1, 2X, '  PC 1, / )
31 FORMAT(//,2X, 1 ITER1,2X, 'C0NT0T' ,4X,1RESMAX;V',3X, 1RESMAX; RW',2X, 
& 1RESMAX;U1, 3XRESMAX; K ',3X ,1RESMAX; K21, / )
41 FORMAT(//,2X, 1 ITER1, 5X,
& 'R e la t iv e  Er rors  fo r  V, RW, U, ZK, and ZK21/ )
CF 12 F0RMAT(4X,1P, 6E12.3 / )
CF 13 F0RMAT(4X, IP,5E12.3 / )
22 FORMAT( 5X, I 3 ,1 P, 6E11.3)
















RERRV=DABS(V(IX, JY, KZ)-VOLD(IX,JY,KZ))/DENOMV 
RERRW=DABS(RW(IX,JY, KZ) -RWOLD(IX,JY, KZ) ) /DENOMW 
RERRU=DABS(U(IX,JY, KZ)-UOLD(IX,JY, KZ))/DENOMU 
RERRK=DABS(ZK(IX,JY, KZ)-ZKOLD(IX,JY, KZ))/DENOMK 




343 WRITE(L,22) ITER,CONTOT,V(IX,JY,KZ), W(IX,JY,KZ),U(IX,JY,KZ),
& ZK(IX,JY,KZ),ZK2(IX,JY,KZ)
C
IF(ITER.EQ.O) GO TO 375C
IF(RERRV. LT. 1 . E-5 .AND.
& RERRW.LT.l.E-5 .AND.
& RERRU.LT.l.E-5 .AND.
& RERRK.LT. l .E -5  .AND.
& RERRK2.LT.l.E-5) THEN
c IF(RERRV.LT.l.E-4 .AND.
c & RERRW.LT.l.E-4 .AND.
c & RERRU.LT.l.E-4 .AND.
c & RERRK.LT. l .E -4  .AND.
c & RERRK2.LT.l.E-4) THEN
c & RERRK2.LT.l.E-3 .AND.
c & RESMAX(NV). LT.1 . E-3 .AND.











C WRITE(3,33) ITER, RERRV, RERRW, RERRU, RERRK, RERRK2
C ELSE 
C END IF




CRES END IF 
C
C IF(MOD(ITER,20).EQ.1) THEN
C WRITE(9, * ) 1 —  CONTOT, RESMAX fo r  V, RW, U, K, and K2 a r e : '
C WRITE(9,12) CONTOT,(RESMAX(I) , I=NV,NU), (RESMAX(I) , I=NK,NK2)
C WRITE(9,*)'—  Rela t ive  e r r o r s  fo r  V, RW, U, K, and K2 a r e : 1
C WRITE(9,13) RERRV,RERRW,RERRU,RERRK,RERRK2
C END IF 
C
C IF(ITER.GE.LAST) THEN
C WRITE(9,*) '***  NOTE : 1, LAST,* i s  the l a s t  i t e r a t i o n  ***'
C WRITE(9,*)'—  CONTOT, RESMAX fo r  V, RW, U, K, and K2 a r e : 1
C WRITE(9,12) CONTOT,(RESMAX(I), I=NV,NU),(RESMAX(I), I=NK,NK2)
C WRITE(9,*)'—  Rela t ive  e r r o r s  fo r  V, RW, U, K, and K2 a r e : '
C WRITE(9,13) RERRV,RERRW,RERRU,RERRK,RERRK2
C WRITE(9,*)'*** Input  a l a rg e r  value of LAST fo r  more i t e r a t i o n




C END IF 
375 CONTINUE
C
DO 378 I = 2, IPT1
DO 378 J  = 2, JPT1
DO 378 K = 2, KPT1





































































COMMON/NPTS/ IPT, IPT1, IPT2, JPT,JPT1,JPT2, KPT, KPT1, KPT2 
COMMON/NODES/
& X(3 0 ) , XU(3 0 ) ,XDG(30),XDF(3 0 ) , XDSG(30),
& Y(30), YV(3 0 ) ,YDG(30),YDF(30),YDSG(30),
& Z(3 0 ) ,ZW(30), ZDG(3 0 ) ,ZDF(30),ZDSG(30),
& YDFR(3 0 ) ,YDSGR(30),ARX(30),ARXJ(30),ARXJP(30),
& XDFI( 3 0 ) ,XDFIP(30),ZDFK(3 0 ) ,ZDFKP(30),
& R(3 0 ) , RMN(3 0 ) , YW(30),
& V0LM(30,26,25), V0LV(30,26,25),

















CINI DATA TITLE/14*' ' /
DATA CONTMX,CONTOT,RESMAX/0., 0 . ,  14*0./
DATA TIME,ITER/0.,0 /
CINI DATA RELAX,RELSOR/14*!.,14*1 ./
DATA NTIMES/14*1/
DATA NISP,NJSP,NKSP/3*2/
DATA DT,OVFLW,BIG/1.E20, l .E -30 ,  1.E30/
DATA PI/3.1415926/
C






DATA NSOLST / l /
DATA SOLVE/.TRUE. ,-TRUE. ..TRUE. , . FALSE., .TRUE. , 











DATA ( RELAX( I ) ,1=1 ,3 )  / 0 . 3 5 ,0 .4 5 ,0 .4 0 /
DATA RELAX(4) / 0 . 4 0 /
DATA (RELAX(I),1=6,7)  / 0 . 40 ,0 .40 /
DATA RELAX(13) / I .0 /
C   CHANGE UNDER-RELAXATION FACTORS FOR VAR'S------
DATA ( ITRLAX(I),1=1,9)  /  40, 80,120,160,  200,240,280,320, 360/ 
DATA NCHNGE / 9 , 9 , 9 , 0 , 0 ,  0 , 0 , 0 , 0 , 0 ,  0 , 0 , 0 , 0 /
C .................. -  DBETA(NCHNGE(NVAR),NVAR) ---------------------
DATA (DBETA(1 ,1 ) ,1=1 ,9 )  /9* 0 .05 /
DATA (DBETA(1 ,2 ) ,1=1 ,9 )  /9* 0 .05/
DATA (DBETA(I,3 ) ,1=1 ,9 )  /9* 0 .05/
CC DATA (DBETA(I,4 ) ,1=1 ,9 )  /9* 0 .05/
DATA (DBETA(I,6 ) ,1=1 ,9 )  /9* 0 .05/
DATA (DBETA(1 ,7 ) ,1=1 ,9 )  /9* 0 .05/
DATA (RELSOR(I),1=1,3)  / 0 . 6 , 0 . 6 , 0 . 6 /
DATA (RELSOR(I),1=6,7)  / 0 . 6 , 0 . 6 /
DATA (DTLAX(I),1=1,3)  /  3* 1.E30/
DATA (DTLAX(I) ,1=6,7-) /  2* 1.E30/
C
DATA PRNT /.TRUE. ..TRUE. ,.TRUE. , . FALSE., . FALSE.,- 
.TRUE. ..TRUE. , . FALSE., . FALSE., . FALSE.,
. FALSE., . FALSE., . FALSE., . FALSE., . FALSE.,
.TRUE. , .TRUE. , . FALSE., . FALSE./
. FALSE. , . FALSE. , . FALSE. , . FALSE. /
DATA (TITLE(I-), 1=1,2) / 'V ,  rad ia l  (m/s)
DATA (TITLE(I) ,1=3 ,3)  / ' U, axial  (m/s)
DATA (TITLE(I) ,1=4,5)  / '  Pressure 
DATA (TITLE(I) ,1=6,7)  / 'K i n e t i c  Energy
DATA (TITLE( I)  , 1=11,12)/ '  Ki nematic Visco , i\mem iuiu viai. /
DATA GZ,GC/32.174, 32.174/ ,  PATM/2116.2/
DATA RH0C0N/62.4/, ZMUL/0.0033598/
DATA XL,YL,ZL/11.5,  5.75,  92 .0 /
DATA DIMPEL/4.0/, RPM/200.0/
DATA JBAFFL/17/
DATA VIBC/ 42.79, 83.87,117.97,  126.63,105.29,  60 .73/
DATA WIBC/ 92 .23,178.87 ,250.03 ,  268 .01,223.63,130.21/
DATA UIBC/ 57.85, 52.33,  37.52,  12 .08 , -20 .71 , -47 .48 ,  -5 5 .62 /




,'W, swirl (m/s) ' /  
/
, ' Stream Function ' /  
, 'D i s s ip a t n  Rate ' /
Appendix D:
A Sample Output
This appendix gives the loc a t ions  of g r id  po in t s  and cont rol  faces in 




GRID OF TANK SYSTEM 1 
*************************
I XU(I) X (I)
1 — 0 .0 0 0
2 0 .000 0 .1 2 0
3 0 .240 0 .295
4 0 .3 5 0 0 .5 0 0
5 0 .650 0 .7 6 3
6 0 .875 1 .250
7 1.625 2 .0 0 0  *•
8 2 .375 2 .7 5 0
9 3 .125 3 .5 0 0
10 3 .875 4 .2 5 0
11 4 .625 5 .000
12 5 .375 5 .412
13 5 .450 5 .5 0 0
14 5 .550 5 .600
15 5 .650 5 .7 0 0
16 5 .750 5 .800
17 5 .8 5 0 5 .9 0 0
18 5 .950 6 .0 0 0
19 6 .0 5 0 6 .0 8 8
20 6 .125 6 .5 0 0
21 6 .875 7 .2 5 0
22 7 .625 8 .0 0 0
23 8 .3 7 5 8 .7 5 0
24 9 .125 9 .5 0 0
25 9 .8 7 5 10.250
26 10.625 10 .738
27 10.850 11.000
28 11.150 11.205
29 11.260 11 .380
30 11 .500 11.500
J YV(J) Y (J) YW(J)
1 ---- 0 .0 0 0 5 .750
2 0 .0 0 0 0 .1 2 5 5 .625
3 0 .250 0 .3 7 5 5 .3 7 5
4 0 .5 0 0 0 .6 2 5 5 .1 2 5
5 0 .7 5 0 0 .8 7 5 4 .875
6 1 .000 1 .125 4 .6 2 5
7 1 .250 1 .350 4 .4 0 0
8 1.450 1 .475 4 .2 7 5
9 1.500 1 .525 4 .2 2 5
10 1.550 1 .605 4 .1 4 5
11 1 .660 1 .750 4 .0 0 0
12 1.840 1 .940 3 .810
13 2 .0 4 0 2 .1 9 0 3 .5 6 0
14 2 .3 4 0 2 .5 0 0 3 .2 5 0
15 2 .660 2 .7 0 5 3 .045
329
16 2 .7 5 0 3 .0 0 0 2 .7 5 0
17 3 .250 3 .500 2 .2 5 0
18 3 .7 5 0 4 .0 0 0 1 .750
19 4 .2 5 0 4 .5 0 0 1 .250
20 4 .7 5 0 4 .8 4 5 0 .9 0 5
21 4 .9 4 0 5 .0 0 0 0 .7 5 0
22 5 .060 5 .1 9 0 0 .5 6 0
23 5 .320 5 .440 0 .3 1 0
24 5 .5 6 0 5 .6 2 4 0 .1 2 6
25 5 .6 8 8 5 .7 1 9 0 .031
26 5 .750 5 .750 0 .0 0 0
K ZW(K) Z(K)
1 ----- - 1 .0 0 0
2 - 1 .0 0 0 - 0 .5 0 0
3 0 .0 0 0 0 .5 0 0
4 1 .000 2 .0 0 0
5 3 .0 0 0 4 .0 0 0
6 5 .0 0 0 6 .5 0 0
7 8 .0 0 0 9 .5 0 0
8 11 .000 12 .500
9 14 .000 15 .500
10 17 .000 19 .000
11 21 .0 0 0 2 5 .5 0 0
12 30 .0 0 0 3 5 .0 0 0
13 4 0 .0 0 0 4 5 .0 0 0
14 50 .0 0 0 55 .000
15 6 0 .0 0 0 6 4 .5 0 0
16 6 9 .0 0 0 7 1 .0 0 0
17 73 .0 0 0 74 .500
18 76 .0 0 0 7 7 .5 0 0
19 7 9 .0 0 0 8 0 .5 0 0
20 8 2 .0 0 0 8 3 .5 0 0
21 8 5 .0 0 0 8 6 .0 0 0
22 8 7 .0 0 0 8 8 .0 0 0
23 8 9 .0 0 0 8 9 .5 0 0
24 9 0 .0 0 0 9 0 .5 0 0







I XU(I) X (I )
1 — 0 .0 0 0
2 0 .0 0 0 0 .1 2 0
3 0 .2 4 0 0 .2 9 5
4 0 .3 5 0 0 .5 0 0
5 0 .6 5 0 0 .7 6 3
6 0 .8 7 5 1 .250
7 1 .625 2 .0 0 0
330
8 2. 375 2.,750





















30 11,.500 11 .500
J YV(J) Y (J) YW( J )
1 — '0 . 0 0 0 5 .7 5 0
2 0 .0 0 0 0 .1 8 8 5 .5 6 3
3 0 .3 7 5 0 .5 6 3 5 .1 8 8
4 0 .7 5 0 0 .9 3 8 4 .8 1 3
5 1 .125 1.313 4 .4 3 8
6 1.500 1 .688 4 .0 6 3
7 1 .875 1 .913 3 .8 3 8
8 1 .950 1 .975 3 .7 7 5
9 2 .0 0 0 2 .0 2 0 3 .7 3 0
10 2 .0 4 0 2 .1 2 0 3 .6 3 0
11 2 .2 0 0 2 .2 8 5 3 .4 6 5
12 2 .3 7 0 2 .6 2 0 3 .1 3 0
13 2 .8 7 0 3 .1 2 0 2 .6 3 0
14 3 .3 7 0 3 .6 2 0 2 .1 3 0
15 3 .8 7 0 4 .0 0 0 1 .7 5 0
16 4 .1 3 0 4 .5 0 0 1 .250
17 4 .8 7 0 ’ 4 .9 7 5 0 .7 7 5
18 5 .080 5 .1 9 0 0 .5 6 0
19 5 .3 0 0 5 .3 5 0 0 .4 0 0
20 5 .4 0 0 5 .5 0 0 0 .2 5 0
21 5 .6 0 0 5 .6 4 4 0 .1 0 6
22 5 .6 8 8 5 .7 1 9 0 .0 3 1
23 5 .7 5 0 5 .750 0 .0 0 0
K ZW(K) Z(K)
1 — - 1 .0 0 0
331
2 -1 . ,000 -0 . .500
3 0.,000 0,,500















19 79,.000 80 .500
20 82,.000 83 .500
21 85,.000 86 .000
22 87,,000 88 .000
23 89,.000 89 .500
24 90,.000 90 .500
25 91,.000 91 .000
GRID OF TANK SYSTEM 3 
*************************
I XU(I) X (I )
1 ----- 0 .0 0 0
2 0 .0 0 0 0 .1 2 0
3 0 .2 4 0 0 .2 9 5
4 0 .3 5 0 0 .5 0 0
5 0 .6 5 0 0 .7 6 3
6 0 .8 7 5 1.250
7 1.625 2 .0 0 0
8 2 .3 7 5 2 .7 5 0
9 3 .1 2 5 3 .500
10 3 .8 7 5 4'. 250
11 4 .6 2 5 4 .9 5 0
12 5 .2 7 5 5 .313
13 5 .3 5 0 5 .4 2 5
14 5 .5 0 0 5 .575
15 5 .6 5 0 5 .700
16 5 .7 5 0 5 .800
17 5 .8 5 0 5 .925
18 6 .0 0 0 6 .0 7 5
19 6 .1 5 0 6 .1 8 8
20 6 .2 2 5 6 .5 5 0
21 6 .8 7 5 7 .250
22 7 .6 2 5 8 .0 0 0









J YV(J) Y (J) YW( J )
1 — 0 .0 0 0 5 .750
2 0 .000 0 .1 8 8 5 .563
3 0 .375 0 .5 6 3 5 .1 8 8
4 0 .750 0 .9 3 8 4 .8 1 3
5 1.125 1 .313 4 .4 3 8
6 1.500 1 .688 4 .0 6 3
7 1.875 1 .913 3 .8 3 8
8 1.950 1 .975 3 .7 7 5
9 2 .000 2 .0 2 0 3 .7 3 0
10 2 .040 2 .1 9 0 3 .5 6 0
11 2 .340 2 .5 0 0 3 .250
12 2 .660 2 .7 0 5 3 .0 4 5
13 2 .750 3 .0 0 0 2 .7 5 0
14 3 .250 3 .5 0 0 2 .2 5 0
15 3 .750 4 .0 0 0 1 .750
16 4 .250 4 .5 0 0 1 .250
17 4 .750 4 .8 4 5 0 .9 0 5
18 4 .940 5 .000 0 .7 5 0
19 5 .060 5 .190 0 .5 6 0
20 5 .320 5 .4 4 0 0 .3 1 0
21 5 .560 5 .6 2 4 0 .1 2 6
22 5 .688 5 .7 1 9 0 .031
23 5 .750 5 .7 5 0 0 .0 0 0
K ZW(K) Z(K)
1 — - 1 .0 0 0
2 -1 .0 0 0 - 0 .5 0 0
3 0 .000 0 .5 0 0
4 1.000 2 .0 0 0
5 3.000 4 .0 0 0
6 5 .000 6 .5 0 0
7 8 .0 0 0 9 .5 0 0
8 11.000 12 .500
9 14 .000 15 .500
10 17.000 19 .000
11 21 .0 0 0 25 .5 0 0
12 30 .000 35 .000
13 4 0 .0 0 0 4 5 .0 0 0
14 50 .000 55 .000
15 60 .000 64 .500
16 69 .0 0 0 7 1 .0 0 0










FLOW FIELD MODELING IN TANK SYSTEM 3 
*****************************************
THE FOLLOWING TABULATED VALUES ARE IN SI UNIT 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  1/  — 1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *



















































-2 .7 0 1 3 -0 0 3
-1 .1 3 2 9 -0 0 2
-2 .9 0 7 2 -0 0 2
-5 .3 8 0 7 -0 0 2
-7 .2 9 8 4 -0 0 2
-9 .1 3 5 2 -0 0 2
-1 .1 2 3 9 -0 0 1
-1 .2 4 8 9 -0 0 1
-1 .2 7 2 2 -0 0 1
-1 .2 0 8 7 -0 0 1
-1 .1 4 8 5 -0 0 1
-1 .0 7 9 1 -0 0 1
-9 .4 2 1 3 -0 0 2
-8 .5 4 1 9 -0 0 2
-8 .2 8 5 0 -0 0 2
-7 .9 1 7 3 -0 0 2
-6 .6 2 2 9 -0 0 2
-4 .6 6 1 6 -0 0 2
-3 .0 3 7 0 -0 0 2
-1 .6 7 4 6 -0 0 2
-5 .2 3 6 4 -0 0 3
0.0000+000
0.0000+000
-3 .09 0 7 -0 0 3
-1 .24 6 6 -0 0 2
-3 .02 6 9 -0 0 2
-5 .4503-002
-7 .35 3 3 -0 0 2







-9 .19 7 3 -0 0 2
-8 .3 5 2 5 -0 0 2
-8 .0 8 4 2 -0 0 2
-7 .7 0 8 8 -0 0 2
-6 .46 1 0 -0 0 2
-4 .5 7 5 0 -0 0 2
-2 .9 9 0 3 -0 0 2
-1 .6 4 3 1 -0 0 2
-5 .0 8 0 6 -0 0 3
0.0000+000
0.0000+000
-2 .6 4 5 2 -0 0 3
-1 .1 5 1 6 -0 0 2
-2 .9 5 8 0 -0 0 2
-5 .4 2 3 4 -0 0 2
-7 .3 3 4 5 -0 0 2
-9 .1 6 5 3 -0 0 2
-1 .1 1 4 4 -0 0 1
-1 .2 1 6 0 -0 0 1
-1 .2 1 9 2 -0 0 1
-1 .1 5 1 9 -0 0 1
-1 .0 9 0 6 -0 0 1
-1 .0 1 7 5 -0 0 1
-8 .8 8 6 5 -0 0 2
-8 .0 7 3 9 -0 0 2
-7 .8 2 3 8 -0 0 2
-7 .4 6 8 1 -0 0 2
-6 .2 7 3 4 -0 0 2
-4 .4 6 2 4 -0 0 2
-2 .9 3 0 3 -0 0 2
-1 .6 1 3 8 -0 0 2
-4 .9 9 1 4 -0 0 3
0 .0000+000
0.0000+000
-2 .2 6 0 1 -0 0 3
-1 .0 1 9 3 -0 0 2
-2 .7 4 1 8 -0 0 2
-5 .1 5 7 8 -0 0 2
-7 .0 3 3 6 -0 0 2
-8 .8 0 5 8 -0 0 2
-1 .0 7 0 5 -0 0 1
-1 .1 6 4 9 -0 0 1
-1 .1 6 2 2 -0 0 1
-1 .0 9 3 1 -0 0 1
-1 .0 3 3 9 -0 0 1
-9 .6 5 9 7 -0 0 2
-8 .4 5 0 0 -0 0 2
-7 .6 8 8 2 -0 0 2
-7 .4 5 6 1 -0 0 2
-7 .1 2 6 2 -0 0 2
-6 .0 0 3 9 -0 0 2
-4 .2 9 3 4 -0 0 2
-2 .8 3 5 8 -0 0 2
-1 .5 7 3 6 -0 0 2
-4 .9 0 7 3 -0 0 3
0.0000+000
0.0000+000
-2 .4 9 1 0 -0 0 3
-1 .0 2 6 0 -0 0 2
-2 .5 9 3 6 -0 0 2
-4 .7 7 8 5 -0 0 2
-6 .4 7 1 2 -0 0 2
-8 .0 1 0 5 -0 0 2
-9 .8 4 4 2 -0 0 2
-1 .0 8 9 3 -0 0 1
-1 .0 8 0 3 -0 0 1
-9 .9 7 1 7 -0 0 2
-9 .3 1 1 3 -0 0 2
-8 .6 5 5 7 -0 0 2
-7 .5 3 2 9 -0 0 2
-6 .8 4 9 8 -0 0 2
-6 .6 4 7 3 -0 0 2
- 6 .3 6 0 7 -0 0 2
-5 .3 8 9 8 -0 0 2
-3 .9 0 7 7 -0 0 2
-2 .6 2 8 2 -0 0 2
-1 .4 9 1 0 -0 0 2
































0.0000+000 0 .0000+000 0.0000+000 0.0000+000 
-2 .4 6 5 5 -0 0 3  -2 .4 7 5 6 -0 0 3  -2 .3 8 8 2 -0 0 3  -1 .7 2 4 1 -0 0 3  
-1 .0 0 6 4 -0 0 2  -1 .0 1 1 2 -0 0 2  -9 .7 2 2 2 -0 0 3  -6 .9 1 1 0 -0 0 3  
-2 .5 1 6 8 -0 0 2  -2 .5 2 2 8 -0 0 2  -2 .4 1 4 8 -0 0 2  -1 .6 9 6 9 -0 0 2
11
0.0000+000
5 .7 7 8 1 -0 0 4
2 .6 6 4 0 -0 0 3
6 .9 6 3 7 -0 0 3
12
0.0000+000
4 .2 8 9 5 -0 0 3
1 .5 7 9 9 -0 0 2






19 -4 .5 9 6 7 -0 0 2  -4 .5 9 5 1 -0 0 2  -4 .3 9 7 9 -0 0 2  -3 .1 3 2 1 -0 0 2  1 :1 139-002  6 .4 9 7 9 -0 0 2  19 
18 -6 .1 8 7 8 -0 0 2  -6 .1 7 6 0 -0 0 2  -5 .9 2 9 9 -0 0 2  -4 .3 3 1 5 -0 0 2  1 .1 4 2 0 -0 0 2  8 .3 5 3 5 -0 0 2  18
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17 -7 .5 7 5 7 -0 0 2 -7 .5 3 6 0 -0 0 2 -7 .3 0 7 0 -0 0 2 -5 .6 6 6 4 -0 0 2 2 .3 5 9 5 -0 0 3 8 .3 4 5 9 -0 0 2 17
16 -9 .5 4 7 3 -0 0 2 -9 .8 1 5 9 -0 0 2 -9 .8 0 5 7 -0 0 2 -7 .6 7 6 2 -0 0 2 1 .5 8 0 2 -0 0 2 1 .3 992-001 16
15 -1 .0 9 4 5 -0 0 1 -1 .1 7 1 2 -0 0 1 -1 .1 9 5 3 -0 0 1 -8 .8 5 5 6 -0 0 2 5 .9 6 3 6 -0 0 2 2 .4 4 1 1 -0 0 1 15
14 -1 .0 8 2 7 -0 0 1 -1 .1 6 3 1 -0 0 1 -1 .1 7 2 4 -0 0 1 -7 .9 7 4 5 -0 0 2 8 .9 3 7 3 -0 0 2 3 .1 0 2 1 -0 0 1 14
13 -9 .6 6 1 7 -0 0 2 -1 .0 0 2 3 -0 0 1 -9 .5 5 5 7 -0 0 2 -5 .7 1 5 3 -0 0 2 8 .8 0 1 2 -0 0 2 3 .3 2 5 5 -0 0 1 13
12 -8 .7 6 5 6 -0 0 2 -8 .7 6 2 3 -0 0 2 -7 .8 7 3 6 -0 0 2 -4 .1 6 1 9 -0 0 2 7 .7 5 1 7 -0 0 2 3 .2 5 0 2 -0 0 1 12
11 -8 .0 2 4 5 -0 0 2 -7 .8 3 1 9 -0 0 2 -6 .7 4 6 3 -0 0 2 -3 .1 9 0 6 -0 0 2 6 .7 0 6 3 -0 0 2 2 .8 5 7 7 -0 0 1 11
10 -6 .8 4 9 5 -0 0 2 -6 .4 6 6 4 -0 0 2 -5 .2 2 8 1 -0 0 2 -1 .9 0 9 8 -0 0 2 6 .1 4 9 0 -0 0 2 2 .1 2 8 5 -0 0 1 10
9 -6 .1 7 6 5 -0 0 2 -5 .7 3 6 8 -0 0 2 -4 .4 8 1 8 -0 0 2 -1 .2 7 5 1 -0 0 2 6 .5 6 7 2 -0 0 2 1 .9 0 1 3 -0 0 1 9
8 -5 .9 8 5 7 -0 0 2 -5 .5 4 1 9 -0 0 2 -4 .2 9 6 8 -0 0 2 -1 .1 2 3 9 -0 0 2 6 .7 6 7 8 -0 0 2 1 .8 0 5 6 -0 0 1 8
7 -5 .7 1 8 5 -0 0 2 -5 .2 7 3 4 -0 0 2 -4 .0 4 7 5 -0 0 2 -9 .2 4 2 1 -0 0 3 7 .0 1 2 4 -0 0 2 1 .5 1 6 1 -0 0 1 7
6 -4 .8 3 2 4 -0 0 2 -4 .4 0 5 7 -0 0 2 -3 .2 7 5 4 -0 0 2 -3 .5 8 1 6 -0 0 3 7 .2 9 2 9 -0 0 2 1 .3 2 6 2 -0 0 1 6
5 -3 .4 9 3 9 -0 0 2 -3 .1 1 2 4 -0 0 2 -2 .1 5 0 2 -0 0 2 3 .4 9 9 7 -0 0 3 6 .7 4 9 8 -0 0 2 9 .6 7 9 7 -0 0 2 5
4 -2 .3 5 6 1 -0 0 2 -2 .0 4 7 6 -0 0 2 -1 .2 7 5 5 -0 0 2 6 .9 6 0 1 -0 0 3 5 .2 8 7 7 -0 0 2 6 .5 7 4 4 -0 0 2 4
3 -1 .3 5 5 6 -0 0 2 -1 .1 5 9 0 -0 0 2 -6 .2 7 5 3 -0 0 3 7 .5 1 7 3 -0 0 3 3 .9 6 0 1 -0 0 2 4 .1 9 0 5 -0 0 2 3
2 -4 .4 0 0 6 -0 0 3 -3 .7 4 7 0 -0 0 3 -1 .7 6 8 0 -0 0 3 3 .6 0 3 5 -0 0 3 1 .7 1 4 0 -0 0 2 1 .5 5 9 6 -0 0 2 2
1 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 0.0000+000 0.0000+000 1
1=
J=
13 14 15 16 17 18
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 23
22 4 .1 6 4 9 -0 0 3 4 .8 3 5 6 -0 0 3 5 .1 6 5 4 -0 0 3 5 .2 7 6 1 -0 0 3 5 .1 7 9 8 -0 0 3 4 .7 0 0 8 -0 0 3 22
21 1 .7 1 8 7 -0 0 2 1 .9 6 2 6 -0 0 2 2 .0 7 9 9 -0 0 2 2 .1 1 5 8 -0 0 2 2 .0 7 9 2 -0 0 2 1 .8 9 7 1 -0 0 2 21
20 4 .2 3 9 2 -0 0 2 4 .8 3 4 0 -0 0 2 5 .1 0 7 3 -0 0 2 5 .1 8 6 5 -0 0 2 5 .0 9 7 8 -0 0 2 4 .6 3 9 9 -0 0 2 20
19 7 .5 8 7 6 -0 0 2 8 .7 0 3 3 -0 0 2 9 .2 2 1 1 -0 0 2 9 .3 8 5 8 -0 0 2 9 .2 5 6 6 -0 0 2 8 .4 3 9 3 -0 0 2 19
18 9 .8 1 0 6 -0 0 2 1 .1 3 18-001 1 .2035-001 1 .2 2 8 4 -0 0 1 1 .2 1 5 8 -0 0 1 1 .1 1 2 2 -0 0 1 18
17 9 .9 6 7 3 -0 0 2 1 .1662-001 1 .2480-001 1 .2 7 8 1 -0 0 1 1 .2 6 8 4 -0 0 1 1 .1 5 9 9 -0 0 1 17
16 1 .6 4 63-001 1 .9 0 38-001 2 .0 3 4 6 -0 0 1 2 .0 9 0 3 -0 0 1 2 .0 9 4 4 -0 0 1 1 .9 6 2 4 -0 0 1 i6
15 2 .8 2 4 4 -0 0 1 3 .2 2 2 1 -0 0 1 3 .4 2 8 9 -0 0 1 3 .5 2 1 5 -0 0 1 3 .5 3 9 5 -0 0 1 3 .3 5 8 2 -0 0 1 15
14 3 .6 0 1 9 -0 0 1 4 .1 3 4 2 -0 0 1 4 .4 1 1 8 -0 0 1 4 .5 3 1 4 -0 0 1 4 .5 4 0 8 -0 0 1 4 .2 7 4 1 -0 0 1 14
13 3 .9 6 1 5 -0 0 1 4 .7 1 5 7 -0 0 1 5 .1 204-001 5 .2 7 4 7 -0 0 1 5 .2 2 7 2 -0 0 1 4 .7 4 3 3 -0 0 1 13
12 3 .9 8 7 8 -0 0 1 4 .9 5 3 6 -0 0 1 5 .4 9 7 1 -0 0 1 5 .6 8 5 6 -0 0 1 5 .5 5 9 3 -0 0 1 4 .8 3 1 1 -0 0 1 12
11 3 .6 7 5 1 -0 0 1 4 .9 7 7 8 -0 0 1 5 .8 1 5 5 -0 0 1 6 .0 7 4 6 -0 0 1 5 .7 4 6 0 -0 0 1 4 .5 7 8 2 -0 0 1 11
10 2 .8 0 8 3 -0 0 1 4 .6 8 1 0 -0 0 1 6 .2 2 7 1 -0 0 1 6 .6 7 5 3 -0 0 1 5 .7 4 4 4 -0 0 1 3 .7 4 9 4 -0 0 1 10
9 2 .1 8 9 4 -0 0 1 4 .3 1 8 1 -0 0 1 6 .1 9 0 1 -0 0 1 6 .6 9 9 6 -0 0 1 5 .4 7 5 8 -0 0 1 3 .1 0 9 4 -0 0 1 9
8 2 .0 2 0 4 -0 0 1 4 .3 7 7 5 -0 0 1 5 .9 5 18-001 6 .4 6 4 0 -0 0 1 5 .4 7 3 8 -0 0 1 2 .7 3 6 6 -0 0 1 8
7 1 .6 778-001 4 .4 8 9 6 -0 0 1 5 .8 2 12-001 6 .3 0 1 2 -0 0 1 5 .5 8 2 4 -0 0 1 2 .1 1 5 5 -0 0 1 7
6 1 .3 301-001 3 .9 2 9 3 -0 0 1 5 .3 0 4 0 -0 0 1 5 .6 5 7 8 -0 0 1 4 .8 5 5 1 -0 0 1 1 .6 5 0 3 -0 0 1 6
5 9 .8 2 0 5 -0 0 2 2 .6 4 0 1 -0 0 1 4 .1 7 3 5 -0 0 1 4 .5 0 9 7 -0 0 1 3 .3 4 4 0 -0 0 1 1 .2 1 8 9 -0 0 1 5
4 6 .6 7 9 8 -0 0 2 1 .4 467-001 2 .8 2 1 2 -0 0 1 3 .1 8 2 0 -0 0 1 2 .0 5 6 7 -0 0 1 8 .0 3 4 2 -0 0 2 4
3 2 .7 1 7 4 -0 0 2 4 .9 3 4 3 -0 0 2 1 .0 858-001 1 .2 7 6 5 -0 0 1 7 .8 4 8 9 -0 0 2 3 .1 3 5 4 -0 0 2 3
2 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 0.0000+000 1
r
j =
19 20 21 22 23 24
J=
23 0 .0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 23
22 4 .8 7 9 4 -0 0 3 8 .4 1 2 2 -0 0 4 -1 .7 1 6 8 -0 0 3 -2 .4 6 9 4 -0 0 3 -2 .6 1 6 0 -0 0 3 -2 .6 7 0 2 - 0 0 3 22
21 1 .7 6 6 9 -0 0 2 3 .6 9 0 1 -0 0 3 -6 .8 8 9 6 -0 0 3 -9 .9 8 5 6 -0 0 3 - 1 .0 4 9 0 -0 0 2 -1 .0 5 5 2 -0 0 2 21
20 4 .0 8 6 3 -0 0 2 9 .4 0 7 3 -0 0 3 -1 .7 0 2 1 -0 0 2 -2 .4 7 6 4 -0 0 2 -2 .5 8 8 8 -0 0 2 -2 .5 7 9 2 - 0 0 2 20
19 7 .3 7 1 6 -0 0 2 1 .5 4 2 1 -0 0 2 -3 .1 8 1 6 -0 0 2 -4 .5 3 1 5 -0 0 2 - 4 .7 1 8 8 -0 0 2 -4 .6 9 0 8 -0 0 2 19
18 9 .7 1 7 0 -0 0 2 1 .6 7 5 7 -0 0 2 -4 .4 5 4 2 -0 0 2 - 6 .1 4 4 7 -0 0 2 - 6 .3 6 7 0 -0 0 2 -6 .3 2 8 1 -0 0 2 18
17 1 .0 0 8 8 -0 0 1 6 .9 8 7 8 -0 0 3 -5 .9 4 2 6 -0 0 2 -7 .6 4 2 8 -0 0 2 -7 .8 1 7 4 -0 0 2 -7 .7 7 4 9 -0 0 2 17
16 1 .7 5 6 8 -0 0 1 2 .8 9 6 2 -0 0 2 -8 .1 1 5 7 -0 0 2 -1 .0 4 8 4 -0 0 1 -1 .0 4 5 6 -0 0 1 -1 .0 0 8 9 -0 0 1 16
15 3 .0 6 6 0 -0 0 1 8 .5 2 5 8 -0 0 2 -9 .5 7 1 1 -0 0 2 -1 .3 1 8 9 -0 0 1 -1 .2 9 5 9 -0 0 1 -1 .2 0 9 0 -0 0 1 15
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14 3 .8917-001
13 4 .1 9 65-001
12 4 .1 2 1 4 -0 0 1
11 3 .6 5 0 1 -0 0 1






4 7 .1 2 2 6 -0 0 2






22 -2 .7 3 8 6 -0 0 3
21 -1 .0 8 1 0 -0 0 2
20 -2 .6 4 3 8 -0 0 2
19 -4 .8 2 2 2 -0 0 2
18 -6 .5 2 6 1 -0 0 2
17 -8 .0 8 2 9 -0 0 2
16 -1 .0 2 0 3 -0 0 1
15 -1 .1 7 9 3 -0 0 1
14 -1 .2 1 3 1 -0 0 1
13 -1 .1 5 6 5 -0 0 1
12 -1 .1 0 2 4 -0 0 1
11 -1 .0 4 1 1 -0 0 1
10 -9 .2 5 4 3 -0 0 2
9 -8 .4 9 8 9 -0 0 2
8 -8 .2 6 0 8 -0 0 2
7 -7 .9 1 7 4 -0 0 2
6 -6 .6 8 2 6 -0 0 2
5 -4 .6 8 1 4 -0 0 2
4 -2 .7 7 1 4 -0 0 2
3 -9 .1 8 3 8 -0 0 3
2 0.0000+000
1 0.0000+000
1 . 1 0 2 2 - 0 0 1
8 .9 4 3 0 -0 0 2
6 .5 2 2 6 -0 0 2
4 .3 7 4 6 -0 0 2
2 .1 7 5 1 -0 0 2
1 .9365-002
2 .4 4 9 8 -0 0 2
3 .2 2 8 9 -0 0 2
4 .8 9 8 8 -0 0 2
5 .6 5 2 1 -0 0 2
4 .0 4 5 0 -0 0 2





-3 .0 7 9 3 -0 0 3
-1 .1 6 9 7 -0 0 2
-2 .8 0 8 3 -0 0 2
-5 .1 1 6 1 -0 0 2
-6 .9 3 5 7 -0 0 2
-8 .6 3 1 2 -0 0 2
-1 .0 7 9 2 -0 0 1
-1 .2 3 3 7 -0 0 1
-1 .2 7 4 4 -0 0 1
-1 .2 2 6 2 -0 0 1
-1 .1 7 4 6 -0 0 1
-1 .1 1 0 7 -0 0 1
-9 .8 7 5 3 -0 0 2
-9 .0 6 2 0 -0 0 2
-8 .8 0 6 0 -0 0 2
-8 .4 3 7 1 -0 0 2
-7 .1 2 2 8 -0 0 2
-5 .0 1 3 9 -0 0 2
-3 .0 4 1 0 -0 0 2
-1 .0 4 3 4 -0 0 2
0 .0000+000
0 .0000+000
-9 .1 3 3 3 -0 0 2
-7 .1 0 1 4 -0 0 2
-5 .5 4 8 3 -0 0 2
-4 .5 7 8 9 -0 0 2
-3 .3 9 4 1 -0 0 2
-2 .8 4 6 2 -0 0 2
-2 .7 0 5 9 -0 0 2
-2 .5 1 6 6 -0 0 2
-1 .9 3 6 3 -0 0 2
-1 .1 3 4 0 -0 0 2
-5 .9 6 4 0 -0 0 3





-3 .1 1 3 5 -0 0 3
-1 .2 2 3 6 -0 0 2
-2 .9 6 0 5 -0 0 2
-5 .3 5 8 0 -0 0 2
-7 .2 4 0 1 -0 0 2
-9 .0 2 6 8 -0 0 2
-1 .1 2 5 9 -0 0 1
-1 .2 8 2 4 -0 0 1
-1 .3 2 4 6 -0 0 1
-1 .2 7 3 2 -0 0 1
-1 .2 1 7 7 -0 0 1
-1 .1 4 8 9 -0 0 1
-1 .0 1 7 8 -0 0 1
-9 .3 2 0 3 -0 0 2
-9 .0 5 2 4 -0 0 2
-8 .6 6 7 4 -0 0 2
-7 .3 0 7 3 -0 0 2
-5 .1 3 4 3 -0 0 2
-3 .1 0 3 3 -0 0 2





-9 .6 6 0 1 -0 0 2
-8 .4 5 2 3 -0 0 2
-6 .8 7 1 9 -0 0 2
-6 .1 1 3 6 -0 0 2
-5 .9 2 0 5 -0 0 2
-5 .6 5 7 0 -0 0 2
-4 .7 9 0 1 -0 0 2
-3 .3 8 7 9 -0 0 2
-2 .0 2 3 5 -0 0 2





-3 .4 3 0 5 -0 0 3
-1 .3 1 3 3 -0 0 2
-3 .0 8 4 9 -0 0 2
-5 .4 9 3 0 -0 0 2
-7 .3 8 2 4 -0 0 2
-9 .1 9 6 7 -0 0 2
-1 .1 4 7 8 -0 0 1
-1 .3 0 9 1 -0 0 1
-1 .3 5 3 8 -0 0 1
-1 .3 0 0 1 -0 0 1
-1 .2 4 1 5 -0 0 1
-1 .1 6 9 6 -0 0 1
-1 .0 3 3 4 -0 0 1
-9 .4 4 9 8 -0 0 2
-9 .1 7 5 2 -0 0 2
-8 .7 8 0 9 -0 0 2
-7 .3 9 6 2 -0 0 2
-5 .1 8 9 8 -0 0 2
-3 .1 3 2 9 -0 0 2






-9 .79 8 5 -0 0 2
-8 .3 4 9 2 -0 0 2
-7 .5 4 7 4 -0 0 2
-7 .3 2 1 1 -0 0 2
-7 .0 0 2 8 -0 0 2
-5 .9 0 0 7 -0 0 2
-4 .1 2 4 9 -0 0 2
-2 .4 2 5 7 -0 0 2





-3 .4 8 8 1 -0 0 3
-1 .3 4 7 3 -0 0 2
-3 .1 5 2 5 -0 0 2
-5 .5 7 3 3 -0 0 2
-7 .4 6 8 3 -0 0 2
-9 .3 0 5 9 -0 0 2
-1 .1 6 2 2 -0 0 1
-1 .3 2 6 7 -0 0 1
-1 .3 7 2 8 -0 0 1
-1 .3 1 7 3 -0 0 1
-1 .2 5 6 6 -0 0 1
-1 .1 8 2 7 -0 0 1
-1 .0 4 3 3 -0 0 1
-9 .5 3 0 4 -0 0 2
-9 .2 5 1 4 -0 0 2
-8 .8 5 1 4 -0 0 2
-7 .4 5 1 1 -0 0 2
-5 .2 2 3 7 -0 0 2
-3 .1 5 1 5 -0 0 2
-1 .0 7 4 5 -0 0 2
0.0000+000
0.0000+000
-1 .2 4 5 5 -0 0 1
-1 .1 5 5 1 -0 0 1
-1 .0 7 4 2 -0 0 1
- 1 . 0011-001
-8 .7 6 0 7 -0 0 2
-7 .9 9 6 5 -0 0 2
-7 .7 6 5 1 -0 0 2
-7 .4 3 4 2 -0 0 2
-6 .2 5 9 1 -0 0 2
-4 .3 6 2 5 -0 0 2
-2 .5 5 6 7 -0 0 2





-3 .4 8 7 3 -0 0 3
-1 .3 4 6 8 -0 0 2
-3 .1 5 1 0 -0 0 2
-5 .5 7 0 5 -0 0 2
-7 .4 6 4 2 -0 0 2
-9 .3 0 0 4 -0 0 2
-1 .1 6 1 6 -0 0 1
-1 .3 2 6 0 -0 0 1
-1 .3 7 2 1 -0 0 1
-1 .3 1 6 7 -0 0 1
-1 .2 5 6 1 -0 0 1
-1 .1 8 2 1 -0 0 1
-1 .0 4 2 7 -0 0 1
-9 .5 2 4 6 -0 0 2
-9 .2 4 5 7 -0 0 2
-8 .8 4 5 8 -0 0 2
-7 .4 4 6 4 -0 0 2
-5 .2 2 0 5 -0 0 2
-3 .1 4 9 9 -0 0 2









































****************************** K = 1 ******************************
****************************** W, SWIRL (M/S) ******************************
1= 1 2 3 4 5 6
J= J=
23 0.0000+000 0 .0000+000 0.0000+000 0 .0000+000 0 .0000+000 0 .0000+000 23
22 0 .0000+000 -2 .7 0 1 3 -0 0 3  -3 .0 9 0 7 -0 0 3  -2 .6 4 5 2 -0 0 3  -2 .2 6 0 1 -0 0 3  -2 .4 9 1 0 -0 0 3  22
21 0.0000+000 -1 .1 3 2 9 -0 0 2  -1 .2 4 6 6 -0 0 2  - 1 .1 5 1 6 -0 0 2  -1 .0 1 9 3 -0 0 2  -1 .0 2 6 0 -0 0 2  21
20 0 .0000+000 -2 .9 0 7 2 -0 0 2  -3 .0 2 6 9 -0 0 2  - 2 .9 5 8 0 -0 0 2  -2 .7 4 1 8 -0 0 2  -2 .5 9 3 6 -0 0 2  20
19 0 .0000+000 -5 .3 8 0 7 -0 0 2  -5 .4 5 0 3 -0 0 2  -5 .4 2 3 4 -0 0 2  -5 .1 5 7 8 -0 0 2  -4 .7 7 8 5 - 0 0 2  19
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18 0 .0000+000 -7 .2 9 8 4 -0 0 2  -7 .3 5 3 3 -0 0 2
17 0 .0000+000 -9 .1 3 5 2 -0 0 2  -9 .1 9 4 9 -0 0 2
16 0.0000+000 -1 .1 2 3 9 -0 0 1  -1 .1 2 4 1 -0 0 1
15 0.0000+000 -1 .2 4 8 9 -0 0 1  -1 .2 3 7 6 -0 0 1
14 0.0000+000 -1 .2 7 2 2 -0 0 1  -1 .2 5 0 8 -0 0 1
13 0.0000+000 -1 .2 0 8 7 -0 0 1  -1 .1 8 8 0 -0 0 1
12 0.0000+000 -1 .1 4 8 5 -0 0 1  -1 .1 2 4 4 -0 0 1
11 0.0000+000 -1 .0 7 9 1 -0 0 1  -1 .0 4 9 6 -0 0 1
10 0.0000+000 -9 .4 2 1 3 -0 0 2  -9 .1 9 7 3 -0 0 2
9 0.0000+000 -8 .5 4 1 9 -0 0 2  -8 .3 5 2 5 -0 0 2
8 0.0000+000 -8 .2 8 5 0 -0 0 2  -8 .0 8 4 2 -0 0 2
7 0.0000+000 -7 .9 1 7 3 -0 0 2  -7 .7 0 8 8 -0 0 2
6 0.0000+000 -6 .6 2 2 9 -0 0 2  -6 .4 6 1 0 -0 0 2
5 0.0000+000 -4 .6 6 1 6 -0 0 2  -4 .5 7 5 0 -0 0 2
4 0.0000+000 -3 .0 3 7 0 -0 0 2  -2 .9 9 0 3 -0 0 2
3 0.0000+000 -1 .6 7 4 6 -0 0 2  -1 .6 4 3 1 -0 0 2
2 0 .0000+000 -5 .2 3 6 4 -0 0 3  -5 .0 8 0 6 -0 0 3
1 0.0000+000 0 .0000+000 0.0000+000
1= 7 8 9
J=
23 0 .0000+000 0 .0000+000 0 .0000+000
22 -2 .4 6 5 5 -0 0 3  -2 .4 7 5 6 -0 0 3  -2 .3 8 8 2 -0 0 3  
21 -1 .0 0 6 4 -0 0 2  -1 .0 1 1 2 -0 0 2  -9 .7 2 2 2 -0 0 3  
20 -2 .5 1 6 8 -0 0 2  -2 .5 2 2 8 -0 0 2  -2 .4 1 4 8 -0 0 2
19 -4 .5 9 6 7 -0 0 2  -4 .5 9 5 1 -0 0 2  -4 .3 9 7 9 -0 0 2
18 -6 .1 8 7 8 -0 0 2  -6 .1 7 6 0 -0 0 2  -5 .9 2 9 9 -0 0 2
17 -7 .5 7 5 7 -0 0 2  -7 .5 3 6 0 -0 0 2  -7 .3 0 7 0 -0 0 2
16 -9 .5 4 7 3 -0 0 2  -9 .8 1 5 9 -0 0 2  -9 .8 0 5 7 -0 0 2
15 -1 .0 9 4 5 -0 0 1  -1 .1 7 1 2 -0 0 1  -1 .1 9 5 3 -0 0 1
14 -1 .0 8 2 7 -0 0 1  -1 .1 6 3 1 -0 0 1  -1 .1 7 2 4 -0 0 1
13 -9 .6 6 1 7 -0 0 2  -1 .0 0 2 3 -0 0 1  -9 .5 5 5 7 -0 0 2
12 -8 .7 6 5 6 -0 0 2  -8 .7 6 2 3 - 0 0 2  -7 .8 7 3 6 -0 0 2
11 -8 .0 2 4 5 -0 0 2  -7 .8 3 1 9 -0 0 2  -6 .7 4 6 3 -0 0 2  
10 -6 .8 4 9 5 -0 0 2  -6 .4 6 6 4 -0 0 2  -5 .2 2 8 1 -0 0 2
9 -6 .1 7 6 5 -0 0 2  -5 .7 3 6 8 -0 0 2  -4 .4 8 1 8 -0 0 2
8 -5 .9 8 5 7 -0 0 2  -5 .5 4 1 9 -0 0 2  -4 .2 9 6 8 -0 0 2
7 -5 .7 1 8 5 -0 0 2  -5 .2 7 3 4 -0 0 2  -4 .0 4 7 5 -0 0 2
6 -4 .8 3 2 4 -0 0 2  -4 .4 0 5 7 -0 0 2  -3 .2 7 5 4 -0 0 2
5 -3 .4 9 3 9 -0 0 2  -3 .1 1 2 4 -0 0 2  -2 .1 5 0 2 -0 0 2
4 -2 .3 5 6 1 -0 0 2  -2 .0 4 7 6 -0 0 2  -1 .2 7 5 5 -0 0 2
3 -1 .3 5 5 6 -0 0 2  -1 .1 5 9 0 -0 0 2  -6 .2 7 5 3 -0 0 3  
2 -4 .4 0 0 6 -0 0 3  -3 .7 4 7 0 -0 0 3  -1 .7 6 8 0 -0 0 3  
1 0.0000+000 0 .0000+000 0.0000+000
1= 13 14 15
J=
23 0.0000+000 0.0000+000 0.0000+000
22 4 .1 6 4 9 -0 0 3 4 .8 3 5 6 -0 0 3 5 .1 6 5 4 -0 0 3
21 1 .7 187-002 1 .9 6 2 6 -0 0 2 2 .0 7 9 9 -0 0 2
20 4 .2 3 9 2 -0 0 2 4 .8 3 4 0 -0 0 2 5 .1 0 7 3 -0 0 2
19 7 .5 8 7 6 -0 0 2 8 .7 0 3 3 -0 0 2 9 .2 2 1 1 -0 0 2
18 9 .8 1 0 6 -0 0 2 1 .1 318-001 1 .2035-001
17 9 .9 6 7 3 -0 0 2 1 .1 662-001 1 .2480-001
16 1 .6463-001 1 .9 0 3 8 -0 0 1 2 .0 3 4 6 -0 0 1
-7 .3 3 4 5 -0 0 2 -7 .0 3 3 6 -0 0 2 -6 .4 7 1 2 -0 0 2 18
-9 .1 6 5 3 -0 0 2 -8 .8 0 5 8 -0 0 2 -8 .0 1 0 5 -0 0 2 17
-1 .1 1 4 4 -0 0 1 -1 .0 7 0 5 -0 0 1 -9 .8 4 4 2 -0 0 2 16
-1 .2 1 6 0 -0 0 1 -1 .1 6 4 9 -0 0 1 -1 .0 8 9 3 -0 0 1 15
-1 .2 1 9 2 -0 0 1 -1 .1 6 2 2 -0 0 1 -1 .0 8 0 3 -0 0 1 14
-1 .1 5 1 9 -0 0 1 -1 .0 9 3 1 -0 0 1 -9 .9 7 1 7 -0 0 2 13
-1 .0 9 0 6 -0 0 1 -1 .0 3 3 9 -0 0 1 -9 .3 1 1 3 -0 0 2 12
-1 .0 1 7 5 -0 0 1 -9 .6 5 9 7 -0 0 2 -8 .6 5 5 7 -0 0 2 11
-8 .8 8 6 5 -0 0 2 -8 .4 5 0 0 -0 0 2 -7 .5 3 2 9 -0 0 2 10
-8 .0 7 3 9 -0 0 2 -7 .6 8 8 2 -0 0 2 -6 .8 4 9 8 -0 0 2 9
-7 .8 2 3 8 -0 0 2 -7 .4 5 6 1 -0 0 2 -6 .6 4 7 3 -0 0 2 8
-7 .4 6 8 1 -0 0 2 -7 .1 2 6 2 -0 0 2 -6 .3 6 0 7 -0 0 2 7
-6 .2 7 3 4 -0 0 2 -6 .0 0 3 9 -0 0 2 -5 .3 8 9 8 -0 0 2 6
-4 .4 6 2 4 -0 0 2 -4 .2 9 3 4 -0 0 2 -3 .9 0 7 7 -0 0 2 5
-2 .9 3 0 3 -0 0 2 -2 .8 3 5 8 -0 0 2 -2 .6 2 8 2 -0 0 2 4
-1 .6 1 3 8 -0 0 2 -1 .5 7 3 6 -0 0 2 -1 .4 9 1 0 -0 0 2 3
-4 .9 9 1 4 -0 0 3 -4 .9 0 7 3 -0 0 3 -4 .7 4 6 2 -0 0 3 2
0.0000+000 0.0000+000 0 .0000+000 1
10 11 12
J=
0.0000+000 0.0000+000 0.0000+000 23
-1 .7 2 4 1 -0 0 3 5 .7 7 8 1 -0 0 4 4 .2 8 9 5 -0 0 3 22
-6 .9 1 1 0 -0 0 3 2 .6 6 4 0 -0 0 3 1 .5 7 9 9 -0 0 2 21
-1 .6 9 6 9 -0 0 2 6 .9 6 3 7 -0 0 3 3 .6 7 7 3 -0 0 2 20
-3 .1 3 2 1 -0 0 2 1 .1 1 3 9 -0 0 2 6 .4 9 7 9 -0 0 2 19
-4 .3 3 1 5 -0 0 2 1 .1 420-002 8 .3 5 3 5 -0 0 2 18
-5 .6 6 6 4 -0 0 2 2 .3 5 9 5 -0 0 3 8 .3 4 5 9 -0 0 2 17
-7 .6 7 6 2 -0 0 2 1 .5 802-002 1 .3 9 92-001 16
-8 .8 5 5 6 -0 0 2 5 .9 6 3 6 -0 0 2 2 .4 4 1 1 -0 0 1 15
-7 .9 7 4 5 -0 0 2 8 .9 3 7 3 -0 0 2 3 .1 0 2 1 -0 0 1 14
-5 .7 1 5 3 -0 0 2 8 .8 0 1 2 -0 0 2 3 .3 2 5 5 -0 0 1 13
-4 .1 6 1 9 -0 0 2 7 .7 5 1 7 -0 0 2 3 .2 5 0 2 -0 0 1 12
-3 .1 9 0 6 -0 0 2 6 .7 0 6 3 -0 0 2 2 .8 5 7 7 -0 0 1 11
-1 .9 0 9 8 -0 0 2 6 .1 4 9 0 -0 0 2 2 .1 2 8 5 -0 0 1 10
-1 .2 7 5 1 -0 0 2 6 .5 6 7 2 -0 0 2 1 .9 0 1 3 -0 0 1 9
-1 .1 2 3 9 -0 0 2 6 .7 6 7 8 -0 0 2 1 .8 056-001 8
-9 .2 4 2 1 -0 0 3 7 .0 1 2 4 -0 0 2 1 .5 1 6 1 -0 0 1 7
-3 .5 8 1 6 -0 0 3 7 .2 9 2 9 -0 0 2 1 .3 2 6 2 -0 0 1 6
3 .4 9 9 7 -0 0 3 6 .7 4 9 8 -0 0 2 9 .6 7 9 7 -0 0 2 5
6 .9 6 0 1 -0 0 3 5 .2 8 7 7 -0 0 2 6 .5 7 4 4 -0 0 2 4
7 .5 1 7 3 -0 0 3 3 .9 6 0 1 -0 0 2 4 .1 9 0 5 -0 0 2 3
3 .6 0 3 5 -0 0 3 1 .7 1 40-002 1 .5 5 9 6 -0 0 2 2
0.0000+000 0.0000+000 0.0000+000 1
16 17 18
J=
0.0000+000 0.0000+000 0.0000+000 23
5 .2 7 6 1 -0 0 3 5 .1 7 9 8 -0 0 3 4 .7 0 0 8 -0 0 3 22
2 .1 1 5 8 -0 0 2 2 .0 7 9 2 -0 0 2 1 .8 9 7 1 -0 0 2 21
5 .1 8 6 5 -0 0 2 5 .0 9 7 8 -0 0 2 4 .6 3 9 9 -0 0 2 20
9 .3 8 5 8 -0 0 2 9 .2 5 6 6 -0 0 2 8 .4 3 9 3 -0 0 2 19
1 .2 284-001 1 .2158-001 1 .1 1 2 2 -0 0 1 18
1 .2781-001 1 .2684-001 1 .1 5 9 9 -0 0 1 17
2 .0 9 0 3 -0 0 1 2 .0 9 4 4 -0 0 1 1 .9 624-001 16
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15 2 .8 2 4 4 -0 0 1 3 .2 221-001
14 3 .6 0 19-001 4 .1 3 4 2 -0 0 1
13 3 .9 6 15-001 4 .7 157-001
12 3 .9 8 78-001 4 .9 5 3 6 -0 0 1
11 3 .6 7 5 1 -0 0 1 4 .9 7 7 8 -0 0 1
10 2 .8 0 8 3 -0 0 1 4 .6 8 1 0 -0 0 1
9 2 .1 8 9 4 -0 0 1 4 .3 1 8 1 -0 0 1
8 2 .0 2 0 4 -0 0 1 4 .3 7 7 5 -0 0 1
7 1 .6778-001 4 .4 8 9 6 -0 0 1
6 1 .3301-001 3 .9 2 9 3 -0 0 1
5 9 .8 2 0 5 -0 0 2 2 .6 4 0 1 -0 0 1
4 6 .6 7 9 8 -0 0 2 1.4467-001
3 2 .7 1 7 4 -0 0 2 4 .9 3 4 3 -0 0 2
2 0.0000+000 0 .0000+000
1 0.0000+000 0 .0000+000
1= 19 20
J=
23 0.0000+000 0 .0000+000
22 4 .8 7 9 4 -0 0 3 8 .4 1 2 2 -0 0 4
21 1 .7 6 6 9 -0 0 2 3 .6 9 0 1 -0 0 3
20 4 .0 8 6 3 -0 0 2 9 .4 0 7 3 -0 0 3
19 7 .3 7 1 6 -0 0 2 1 .5 4 2 1 -0 0 2
18 9 .7 1 7 0 -0 0 2 1 .6 7 5 7 -0 0 2
17 1 .0088-001 6 .9 8 7 8 -0 0 3
16 1 .7568-001 2 .8 9 6 2 -0 0 2
15 3 .0 6 6 0 -0 0 1 8 .5 2 5 8 -0 0 2
14 3 .8 9 1 7 -0 0 1 1.1022-001
13 4 .1 9 6 5 -0 0 1 8 .9 4 3 0 -0 0 2
12 4 .1 2 1 4 -0 0 1 6 .5 2 2 6 -0 0 2
11 3 .6 5 0 1 -0 0 1 4 .3 7 4 6 -0 0 2
10 2 .5 8 3 0 -0 0 1 2 .1 7 5 1 -0 0 2
9 1 .9195-001 1 .9 3 6 5 -0 0 2
8 1 .8848-001 2 .4 4 9 8 -0 0 2
7 1 .7 534-001 3 .2 2 8 9 -0 0 2
6 1 .4967-001 4 .8 9 8 8 -0 0 2
5 1 .1 095-001 5 .6 5 2 1 -0 0 2
4 7 .1 2 2 6 -0 0 2 4 .0 4 5 0 -0 0 2
3 2 .5 8 3 5 -0 0 2 1 .4 3 8 9 -0 0 2
2 0.0000+000 0.0000+000
1 0.0000+000 0.0000+000
1=: . 25 26
0=
23 0.0000+000 0.0000+000
22 -2 .7 3 8 6 -0 0 3 -3 .0 7 9 3 -0 0 3
21 -1 .0 8 1 0 -0 0 2 -1 .1 6 9 7 -0 0 2
20 -2 .6 4 3 8 -0 0 2 -2 .8 0 8 3 -0 0 2
19 -4 .8 2 2 2 -0 0 2 -5 .1 1 6 1 -0 0 2
18 -6 .5 2 6 1 -0 0 2 -6 .9 3 5 7 -0 0 2
17 -8 .0 8 2 9 -0 0 2 -8 .6 3 1 2 -0 0 2
16 -1 .0 2 0 3 -0 0 1 -1 .0 7 9 2 -0 0 1
15 -1 .1 7 9 3 -0 0 1 -1 .2 3 3 7 -0 0 1
14 -1 .2 1 3 1 -0 0 1 -1 .2 7 4 4 -0 0 1
13 -1 .1 5 6 5 -0 0 1 -1 .2 2 6 2 -0 0 1
3 .4289-001  3 .5 2 1 5 -0 0 1
4 .4 1 1 8 -0 0 1  4 .5 3 1 4 -0 0 1
5 .1 204-001  5 .2 7 4 7 -0 0 1
5 .4 971-001  5 .6 8 5 6 -0 0 1
5 .8 1 5 5 -0 0 1  6 .0 7 4 6 -0 0 1
6 .2 2 7 1 -0 0 1  6 .6 7 5 3 -0 0 1
6 .1 9 0 1 -0 0 1  6 .6 9 9 6 -0 0 1
5 .9 5 1 8 -0 0 1  6 .4 6 4 0 -0 0 1
5 .8 212-001  6 .3 0 1 2 -0 0 1
5 .3 0 4 0 -0 0 1  5 .6 5 7 8 -0 0 1
4 .1 7 3 5 -0 0 1  4 .5 0 9 7 -0 0 1
2 .8 2 1 2 -0 0 1  3 .1 8 2 0 -0 0 1
1 .0 8 58-001  1 .2 765-001
0 .0000+000 0 .0000+000 
0.0000+000 0 .0000+000
21 22
0.0000+000 0 .0000+000 
-1 .7 1 6 8 -0 0 3  -2 .4 6 9 4 -0 0 3  
-6 .8 8 9 6 -0 0 3  -9 .9 8 5 6 -0 0 3  
-1 .7 0 2 1 -0 0 2  -2 .4 7 6 4 -0 0 2  
-3 .1 8 1 6 -0 0 2  -4 .5 3 1 5 -0 0 2  
-4 .4 5 4 2 -0 0 2  -6 .1 4 4 7 -0 0 2  
-5 .9 4 2 6 -0 0 2  -7 .6 4 2 8 -0 0 2  
-8 .1 1 5 7 -0 0 2  -1 .0 4 8 4 -0 0 1  
-9 .5 7 1 1 -0 0 2  -1 .3 1 8 9 -0 0 1  
-9 .1 3 3 3 -0 0 2  -1 .3 4 4 6 -0 0 1  
-7 .1 0 1 4 -0 0 2  -1 .1 4 1 7 -0 0 1  
-5 .5 4 8 3 -0 0 2  -9 .6 6 0 1 -0 0 2  
-4 .5 7 8 9 -0 0 2  -8 .4 5 2 3 -0 0 2  
-3 .3 9 4 1 -0 0 2  -6 .8 7 1 9 -0 0 2  
-2 .8 4 6 2 -0 0 2  -6 .1 1 3 6 -0 0 2  
-2 .7 0 5 9 -0 0 2  -5 .9 2 0 5 -0 0 2  
-2 .5 1 6 6 -0 0 2  -5 .6 5 7 0 -0 0 2  
-1 .9 3 6 3 -0 0 2  -4 .7 9 0 1 -0 0 2  
-1 .1 3 4 0 -0 0 2  -3 .3 8 7 9 -0 0 2  
-5 .9 6 4 0 -0 0 3  -2 .0 2 3 5 -0 0 2  
-1 .9 6 5 4 -0 0 3  -6 .7 5 7 6 -0 0 3  
0 .0000+000 0 .0000+000 
0 .0000+000 0 .0000+000
27 28
0 .0000+000 0 .0000+000 
-3 .1 1 3 5 -0 0 3  -3 .4 3 0 5 -0 0 3  
-1 .2 2 3 6 -0 0 2  -1 .3 1 3 3 -0 0 2  
-2 .9 6 0 5 -0 0 2  -3 .0 8 4 9 -0 0 2  
-5 .3 5 8 0 -0 0 2  -5 .4 9 3 0 -0 0 2  
-7 .2 4 0 1 -0 0 2  -7 .3 8 2 4 -0 0 2  
-9 .0 2 6 8 -0 0 2  -9 .1 9 6 7 -0 0 2  
-1 .1 2 5 9 -0 0 1  -1 .1 4 7 8 -0 0 1  
-1 .2 8 2 4 -0 0 1  -1 .3 0 9 1 -0 0 1  
-1 .3 2 4 6 -0 0 1  -1 .3 5 3 8 -0 0 1  
-1 .2 7 3 2 -0 0 1  -1 .3 0 0 1 -0 0 1
3 .5 3 9 5 -0 0 1 3 .3 5 8 2 -0 0 1 15
4 .5 4 0 8 -0 0 1 4 .2 7 4 1 -0 0 1 14
5 .2 2 7 2 -0 0 1 4 .7 4 3 3 -0 0 1 13
5 .5 5 9 3 -0 0 1 4 .8 3 1 1 -0 0 1 12
5 .7 4 6 0 -0 0 1 4 .5 7 8 2 -0 0 1 11
5 .7 4 4 4 -0 0 1 3 .7 4 9 4 -0 0 1 10
5 .4 7 5 8 -0 0 1 3 .1 0 9 4 -0 0 1 9
5 .4 7 3 8 -0 0 1 2 .7 3 6 6 -0 0 1 8
5 .5 8 2 4 -0 0 1 2 .1 1 5 5 -0 0 1 7
4 .8 5 5 1 -0 0 1 1 .6 5 0 3 -0 0 1 6
3 .3 4 4 0 -0 0 1 1 .2 1 8 9 -0 0 1 5
2 .0 5 6 7 -0 0 1 8 .0 3 4 2 -0 0 2 4
7 .8 4 8 9 -0 0 2 3 .1 3 5 4 -0 0 2 3




0 .0000+000 0.0000+000 23
2 .6 1 6 0 -0 0 3 -2 .6 7 0 2 -0 0 3 22
1 .0 4 9 0 -0 0 2 -1 .0 5 5 2 -0 0 2 21
2 .5 8 8 8 -0 0 2 -2 .5 7 9 2 -0 0 2 20
■4.7188-002 -4 .6 9 0 8 -0 0 2 19
■6.3670-002 -6 .3 2 8 1 -0 0 2 18
■7.8174-002 -7 .7 7 4 9 -0 0 2 17
•1 .0456-001 -1 .0 0 8 9 -0 0 1 16
•1.2959-001 -1 .2 0 9 0 -0 0 1 15
•1.3378-001 -1 .2 4 5 5 -0 0 1 14
1 .1 9 9 3 -0 0 1 -1 .1 5 5 1 -0 0 1 13
■1.0758-001 -1 .0 7 4 2 -0 0 1 12
■9.7985-002 -1 .0 0 1 1 -0 0 1 11
•8 .3492-002 -8 .7 6 0 7 -0 0 2 10
•7 .5474-002 -7 .9 9 6 5 -0 0 2 9
■7.3211-002 -7 .7 6 5 1 -0 0 2 8
•7 .0028-002 -7 .4 3 4 2 -0 0 2 7
■5.9007-002 -6 .2 5 9 1 -0 0 2 6
•4 .1249-002 -4 .3 6 2 5 -0 0 2 5
•2 .4257-002 -2 .5 5 6 7 -0 0 2 4
■7.9598-003 -8 .3 6 5 2 -0 0 3 3
0 .0000+000 0.0000+000 2
0 .0000+000 0.0000+000 1
29 30
J=
0 .0000+000 0 .0000+000  23 
-3 .4 8 8 1 - 0 0 3  -3 .4 8 7 3 -0 0 3  22 
-1 .3 4 7 3 -0 0 2  -1 .3 4 6 8 -0 0 2  21 
-3 .1 5 2 5 -0 0 2  -3 .1 5 1 0 -0 0 2  20 
-5 .5 7 3 3 -0 0 2  -5 .5 7 0 5 -0 0 2  19
-7 .4 6 8 3 -0 0 2  -7 .4 6 4 2 -0 0 2  18
-9 .3 0 5 9 -0 0 2  -9 .3 0 0 4 -0 0 2  17
-1 .1 6 2 2 -0 0 1  -1 .1 6 1 6 -0 0 1  16 
-1 .3 2 6 7 -0 0 1  -1 .3 2 6 0 -0 0 1  15
-1 .3 7 2 8 -0 0 1  -1 .3 7 2 1 -0 0 1  14
-1 .3 1 7 3 -0 0 1  -1 .3 1 6 7 -0 0 1  13
338
12 -1 .1 0 2 4 -0 0 1  -1 .1 7 4 6 -0 0 1
11 -1 .0 4 1 1 -0 0 1  -1 .1 1 0 7 -0 0 1
10 -9 .2 5 4 3 -0 0 2  -9 .8 7 5 3 -0 0 2
9 -8 .4 9 8 9 -0 0 2  -9 .0 6 2 0 -0 0 2
8 - 8 .2 6 0 8 -0 0 2  -8 .8 0 6 0 -0 0 2
7 -7 .9 1 7 4 -0 0 2  -8 .4 3 7 1 -0 0 2
6 -6 .6 8 2 6 -0 0 2  -7 .1 2 2 8 -0 0 2
5 -4 .6 8 1 4 -0 0 2  -5 .0 1 3 9 -0 0 2
4 -2 .7 7 1 4 -0 0 2  -3 .0 4 1 0 -0 0 2
3 -9 .1 8 3 8 -0 0 3  -1 .0 4 3 4 -0 0 2
2 0 .0000+000 0.0000+000
1 0 .0000+000 0.0000+000
-1 .2 1 7 7 -0 0 1  -1 .2 4 1 5 -0 0 1  
-1 .1 4 8 9 -0 0 1  -1 .1 6 9 6 -0 0 1  
-1 .0 1 7 8 -0 0 1  -1 .0 3 3 4 -0 0 1  
-9 .3 2 0 3 -0 0 2  -9 .4 4 9 8 -0 0 2  
-9 .0 5 2 4 -0 0 2  -9 .1 7 5 2 -0 0 2  
-8 .6 6 7 4 -0 0 2  -8 .7 8 0 9 -0 0 2  
-7 .3 0 7 3 -0 0 2  -7 .3 9 6 2 -0 0 2  
-5 .1 3 4 3 -0 0 2  -5 .1 8 9 8 -0 0 2  
-3 .1 0 3 3 -0 0 2  -3 .1 3 2 9 -0 0 2  
-1 .0 5 9 5 -0 0 2  -1 .0 6 8 4 -0 0 2  
0 .0000+000 0 .0000+000 
0 .0000+000 0.0000+000
-1 .2 5 6 6 -0 0 1  -1 .2 5 6 1 -0 0 1  12
-1 .1 8 2 7 -0 0 1  -1 .1 8 2 1 -0 0 1  11
-1 .0 4 3 3 -0 0 1  -1 .0 4 2 7 -0 0 1  10
-9 .5 3 0 4 -0 0 2  -9 .5 2 4 6 -0 0 2  9
-9 .2 5 1 4 -0 0 2  -9 .2 4 5 7 -0 0 2  8
-8 .8 5 1 4 -0 0 2  -8 .8 4 5 8 -0 0 2  7
-7 .4 5 1 1 -0 0 2  -7 .4 4 6 4 -0 0 2  6
-5 .2 2 3 7 -0 0 2  -5 .2 2 0 5 -0 0 2  5
-3 .1 5 1 5 -0 0 2  -3 .1 4 9 9 -0 0 2  4
-1 .0 7 4 5 -0 0 2  -1 .0 7 4 0 -0 0 2  3
0.0000+000 0 .0000+000 2 
0.0000+000 0 .0000+000 1





22 0.0000+000 -9 .8 1 2 8 -0 0 3
21 0.0000+000 -1 .1 0 8 3 -0 0 2
20 0.0000+000 -1 .1 7 1 3 -0 0 2
19 0.0000+000 -1 .1 9 4 7 -0 0 2
18 0.0000+000 -1 .1 9 5 0 -0 0 2
17 0.0000+000 -1 .2 1 6 1 -0 0 2
16 0.0000+000 -1 .3 3 8 7 -0 0 2
15 0.0000+000 -1 .1 9 4 7 -0 0 2
14 0.0000+000 -8 .2 8 0 4 -0 0 3
13 0.0000+000 -3 .1 5 1 5 -0 0 3
12 0.0000+000 -2 .3 1 2 5 -0 0 3
11 0.0000+000 1 .1 1 4 7 -0 0 3
10 0.0000+000 3 .7 9 0 3 -0 0 3
9 0 .0000+000 4 .3 8 7 0 -0 0 3
8 0.0000+000 4 .7 2 5 9 -0 0 3
7 0.0000+000 5 .1 0 8 3 -0 0 3
6 0.0000+000 6 .5 9 4 7 -0 0 3
5 0.0000+000 7 .4 0 3 2 -0 0 3
4 0.0000+000 7 .5 4 3 1 -0 0 3
3 0.0000+000 7 .2 1 9 4 -0 0 3
2 0.0000+000 6 .6 0 0 1 -0 0 3
1 0.0000+000 6 .5 9 7 1 -0 0 3
** U, AXIAL (M/S)
3 4
0.0000+000 0.0000+000 
-2 .4 4 1 1 -0 0 2  -4 .1 6 1 0 -0 0 2  
-2 .7 0 5 6 -0 0 2  -4 .5 8 1 0 -0 0 2  
-2 .8 2 6 9 -0 0 2  -4 .6 8 0 2 -0 0 2  
- 2 .8 9 4 0 -0 0 2  -4 .7 6 5 0 -0 0 2  
-2 .9 0 9 0 -0 0 2  -4 .8 1 1 9 -0 0 2  
-2 .9 5 8 2 -0 0 2  -4 .8 7 9 5 -0 0 2  
-3 .2 5 8 3 -0 0 2  -5 .2 7 4 2 -0 0 2  
-2 .9 0 7 0 -0 0 2  -4 .6 8 8 5 -0 0 2  
-2 .0 1 4 8 -0 0 2  -3 .2 4 7 8 -0 0 2  
- 7 .7 9 8 6 -0 0 3  -1 .2 8 5 0 -0 0 2  
-4 .5 8 6 7 -0 0 3  -5 .0 3 5 4 -0 0 3  
2 .6 4 1 5 -0 0 3  4 .5 7 6 7 -0 0 3
9 .1 5 7 3 -0 0 3  1 .4 9 5 8 -0 0 2
1 .0 9 8 4 -0 0 2  1 .8 6 0 7 -0 0 2
1 .1 6 9 5 -0 0 2  1 .9 6 6 5 -0 0 2  
1 .2 5 8 5 -0 0 2  2 .1 0 5 8 -0 0 2  
1 .6 0 0 8 -0 0 2  2 .6 1 6 3 -0 0 2  
1 .8 0 5 9 -0 0 2  2 .9 8 1 5 -0 0 2  
1 .8 4 3 8 -0 0 2  3 .0 6 6 6 -0 0 2  
1 .7 6 9 5 -0 0 2  2 .9 6 4 8 -0 0 2  
1 .6 1 3 1 -0 0 2  2 .6 8 9 6 -0 0 2  





-6 .1 3 9 3 -0 0 2 -9 .7 8 6 4 -0 0 2 22
-6 .8 1 0 6 -0 0 2 -1 .0 4 7 6 -0 0 1 21
-6 .9 4 0 0 -0 0 2 -1 .0 6 1 6 -0 0 1 20
-7 .0 1 8 5 -0 0 2 -1 .0 6 0 1 -0 0 1 19
-7 .0 8 6 4 -0 0 2 -1 .0 5 5 6 -0 0 1 18
-7 .1 7 0 7 -0 0 2 -1 .0 5 2 2 -0 0 1 17
-7 .6 1 3 6 -0 0 2 -1 .0 5 6 0 -0 0 1 16
-6 .7 3 5 2 -0 0 2 -9 .0 4 4 2 -0 0 2 15
-4 .6 6 4 4 -0 0 2 -6 .0 8 9 2 -0 0 2 14
-1 .8 5 6 8 -0 0 2 -2 .1 7 5 0 -0 0 2 13
-5 .8 7 9 7 -0 0 3 -3 .4 2 3 4 -0 0 3 12
7 .2 2 4 5 -0 0 3 1 .4735-002 11
2 .2 1 6 4 -0 0 2 3 .5 6 9 0 -0 0 2 10
2 .7 7 8 2 -0 0 2 4 .3 8 2 0 -0 0 2 9
2 .9 3 5 8 -0 0 2 4 .6 0 8 1 -0 0 2 8
3 .1 4 0 2 -0 0 2 4 .9 0 3 7 -0 0 2 7
3 .8 6 8 7 -0 0 2 5 .9 6 0 3 -0 0 2 6
4 .4 3 8 0 -0 0 2 6 .8 5 5 3 -0 0 2 5
4 .5 9 3 0 -0 0 2 7 .1 6 7 3 -0 0 2 4
4 .4 6 5 9 -0 0 2 7 .0 5 5 8 -0 0 2 3
4 .0 5 1 1 -0 0 2 6 .4 9 1 7 -0 0 2 2
4 .0 4 9 5 -0 0 2 6 .4 8 9 5 -0 0 2 1
1= 7 8
J=
23 0 .0000+000 0 .0000+000
22 -1 .4 5 6 9 -0 0 1  -1 .7 6 5 4 -0 0 1  
21 -1 .5 0 4 3 -0 0 1  -1 .7 9 1 2 -0 0 1
20 -1 .5 0 8 6 -0 0 1  -1 .7 8 3 0 -0 0 1  
19 -1 .4 8 5 2 -0 0 1  -1 .7 3 3 4 -0 0 1  
18 -1 .4 5 5 1 -0 0 1  -1 .6 7 5 6 -0 0 1  
17 -1 .4 2 4 8 -0 0 1  -1 .6 1 7 8 -0 0 1
9 10
0.0000+000 0 .0000+000 
-1 .9 5 7 8 -0 0 1  -1 .9 8 3 6 -0 0 1  
-1 .9 6 7 8 -0 0 1  -1 .9 7 8 1 -0 0 1  
-1 .9 4 7 0 -0 0 1  -1 .9 4 7 0 -0 0 1  
-1 .8 7 4 9 -0 0 1  -1 .8 7 5 4 -0 0 1  
-1 .7 9 4 8 -0 0 1  -1 .7 9 4 5 -0 0 1  
-1 .7 1 6 1 -0 0 1  -1 .7 1 5 5 -0 0 1
11 12
J=
0.0000+000 0 .0000+000 23
-1 .6 1 2 2 -0 0 1  -1 .1 9 5 0 -0 0 1  22
-1 .5 8 4 5 -0 0 1  -1 .1 6 6 7 -0 0 1  21
-1 .5 5 4 4 -0 0 1  -1 .1 4 3 6 -0 0 1  20
-1 .5 2 9 7 -0 0 1  -1 .1 5 6 5 -0 0 1  19
-1 .4 8 9 2 -0 0 1  -1 .1 4 9 8 -0 0 1  18
-1 .4 4 3 4 -0 0 1  -1 .1 3 1 0 -0 0 1  17
339
16 -1 .3 4 0 5 -0 0 1 -1 .4 4 4 7 -0 0 1 -1 .4 7 6 6 -0 0 1 -1 .4 5 8 5 -0 0 1 -1 .1 9 6 9 -0 0 1 -9 .0 0 5 0 -0 0 2 16
15 -1 .0 8 3 2 -0 0 1 -1 .0 6 7 4 -0 0 1 -9 .5 5 2 7 -0 0 2 -8 .1 1 1 6 -0 0 2 -5 .8 7 3 8 -0 0 2 -4 .0 7 4 2 -0 0 2 15
14 -6 .7 1 1 1 -0 0 2 -5 .3 6 4 9 -0 0 2 -2 .6 4 2 5 -0 0 2 5 .1 7 1 1 -0 0 3 1 .4 897-002 8 .9 9 6 2 -0 0 3 14
13 -1 .5 2 2 0 -0 0 2 8 .4 7 4 8 -0 0 3 4 .7 1 6 8 -0 0 2 8 .7 5 4 9 -0 0 2 8 .1 4 5 2 -0 0 2 5 .3 3 9 3 -0 0 2 13
12 8 .9 9 0 4 -0 0 3 3 .6 2 6 3 -0 0 2 7 .8 4 2 4 -0 0 2 1 .2 461-001 1 .2 511-001 9 .3 6 7 6 -0 0 2 12
11 3 .2 6 1 4 -0 0 2 6 .2 6 9 6 -0 0 2 1 .0543-001 1 .4965-001 1 .4672-001 1 .1239-001 11
10 5 .9 6 8 6 -0 0 2 9 .1 7 2 7 -0 0 2 1 .3278-001 1 .7 541-001 1 .9959-001 1 .9023-001 10
9 7 .0 3 6 2 -0 0 2 1 .0296-001 1 .4250-001 1 .8 252-001 2 .1 6 4 1 -0 0 1 2 .6 2 6 9 -0 0 1 9
8 7 .3 3 1 4 -0 0 2 1 .0602-001 1 .4505-001 1 .8 411-001 2 .1 0 0 0 -0 0 1 1 .7 3 72-001 8
7 7 .7 1 8 7 -0 0 2 1 .1002-001 1 .4830-001 1 .8589-001 2 .1 2 3 3 -0 0 1 2 .1 8 2 0 -0 0 1 7
6 9 .0 9 8 2 -0 0 2 1 .2393-001 1 .5897-001 1 .8 995-001 1 .9767-001 1 .8489-001 6
5 1 .0 331-001 1 .3617-001 1 .6642-001 1 .8 559-001 1 .6 429-001 1 .3 1 40-001 5
4 1 .0824-001 1 .4087-001 1 .6731-001 1 .7 728-001 1 .4491-001 1 .0841-001 4
3 1 .0758-001 1 .3992-001 1 .6375-001 1.6697-001 1 .2952-001 9 .3 0 2 7 -0 0 2 3
2 1 .0079-001 1.3266-001 1 .5408-001 1 .4 635-001 7 .2 2 2 5 -0 0 2 6 .3 1 2 9 -0 0 3 2
1 1 .0076-001 1.3264-001 1 .5406-001 1 .4 632-001 7 .2 2 0 6 -0 0 2 6 .3 1 0 9 -0 0 3 1
1= 13 14 15 16 17 18
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 -9 .2 7 1 8 -0 0 2 -5 .5 6 3 0 -0 0 2 -2 .2 7 4 3 -0 0 2 4 .4 2 1 1 -0 0 3 3 .8 3 1 4 -0 0 2 7 .7 4 9 6 -0 0 2 22
21 -9 .1 2 5 6 -0 0 2 -5 .4 5 9 6 -0 0 2 -2 .2 3 6 5 -0 0 2 4 .1 3 1 0 -0 0 3 3 .7 2 5 5 -0 0 2 7 .5 8 0 6 -0 0 2 21
20 -8 .9 7 4 8 -0 0 2 -5 .4 0 8 1 -0 0 2 -2 .2 4 5 2 -0 0 2 3 .6 3 0 2 -0 0 3 3 .6 2 7 4 -0 0 2 7 .4 1 1 8 -0 0 2 20
19 -9 .1 1 1 0 -0 0 2 -5 .5 3 8 4 -0 0 2 -2 .3 4 7 1 -0 0 2 3 .0 7 2 0 -0 0 3 3 .6 6 0 2 -0 0 2 7 .5 8 2 7 -0 0 2 19
18 -9 .0 8 0 8 -0 0 2 -5 .5 4 7 0 -0 0 2 -2 .3 6 8 9 -0 0 2 2 .9 4 0 2 -0 0 3 3 .6 8 7 1 -0 0 2 7 .6 9 4 3 -0 0 2 18
17 -8 .9 3 0 2 -0 0 2 -5 .4 4 8 5 -0 0 2 -2 .3 1 1 4 -0 0 2 3 .2 6 2 2 -0 0 3 3 .7 0 7 9 -0 0 2 7 .7 4 2 1 -0 0 2 17
16 -7 .0 4 1 1 -0 0 2 -4 .1 8 6 1 -0 0 2 -1 .6 3 7 7 -0 0 2 4 .8 9 7 1 -0 0 3 3 .2 0 8 6 -0 0 2 6 .4 7 4 9 -0 0 2 16
15 -3 .0 6 3 8 -0 0 2 -1 .5 4 1 0 -0 0 2 -1 .5 3 4 7 -0 0 3 1 .0 0 8 3 -0 0 2 2 .4 7 3 6 -0 0 2 4 .1 8 6 8 -0 0 2 15
14 8 .7 4 8 8 -0 0 3 1 .0 2 3 5 -0 0 2 1 .2 8 38-002 1 .5 4 0 3 -0 0 2 1 .8 2 3 0 -0 0 2 1 .9 9 7 1 -0 0 2 14
13 4 .1 9 4 3 -0 0 2 2 .9 8 3 0 -0 0 2 2 .2 8 3 7 -0 0 2 1 .8 5 2 7 -0 0 2 1 .1 8 6 0 -0 0 2 -9 .5 4 6 5 -0 0 4 13
12 6 .5 0 3 7 -0 0 2 3 .6 1 5 0 -0 0 2 2 .3 2 3 5 -0 0 2 1 .9 3 0 7 -0 0 2 1 .0 4 0 2 -0 0 2 -1 .6 9 9 6 -0 0 2 12
11 7 .8 5 4 2 -0 0 2 4 .2 1 7 9 -0 0 2 2 .4 8 7 9 -0 0 2 1 .9 1 6 0 -0 0 2 6 .4 4 4 9 -0 0 3 -2 .7 7 2 3 -0 0 2 11
10 1 .3 7 84-001 6 .8 0 3 3 -0 0 2 2 .8 5 3 5 -0 0 2 1 .4 4 5 1 -0 0 2 -1 .7 5 1 1 -0 0 2 -8 .7 6 9 6 -0 0 2 10
9 2 .7 9 8 6 -0 0 1 2 .2 8 2 2 -0 0 1 1 .2598-001 -2 .1 9 2 0 -0 0 2 -1 .7 3 2 0 -0 0 1 -2 .6 1 8 7 -0 0 1 9
8 9 .8 0 1 2 -0 0 2 7 .3 2 3 8 -0 0 2 5 .1 4 3 9 -0 0 2 3 .3 1 2 8 -0 0 2 -9 .7 2 1 6 -0 0 3 -1 .6 5 2 2 -0 0 1 8
7 1 .7 901-001 1 .0495-001 3 .1 5 5 4 -0 0 2 -6 .6 4 0 8 -0 0 2 -1 .8 4 8 1 -0 0 1 -2 .6 1 8 2 -0 0 1 7
6 1 .4 5 48-001 6 .8 7 1 3 -0 0 2 -1 .1 4 1 3 -0 0 2 -9 .2 6 7 5 -0 0 2 -1 .8 0 1 2 -0 0 1 -2 .3 5 0 9 -0 0 1 6
5 1 .0464-001 5 .2 1 8 7 -0 0 2 -1 .1 2 4 3 -0 0 2 -7 .5 7 4 2 -0 0 2 -1 .3 4 7 1 -0 0 1 -1 .7 0 0 4 -0 0 1 5
4 8 .7 2 8 6 -0 0 2 4 .5 1 8 0 -0 0 2 -1 .0 1 0 8 -0 0 2 -6 .8 9 6 1 -0 0 2 -1 .1 9 7 0 -0 0 1 -1 .4 9 3 3 -0 0 1 4
3 7 .5 5 9 4 -0 0 2 4 .1 3 5 6 -0 0 2 -1 .1 1 7 9 -0 0 2 -7 .4 5 6 4 -0 0 2 -1 .2 8 4 0 -0 0 1 -1 .5 9 0 4 -0 0 1 3
2 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 1
I- 19 20 21 22 23 24
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 1 .0 606-001 1 .5219-001 1 .9 392-001 1 .9 1 0 7 -0 0 1 1 .7 0 1 6 -0 0 1 1 .3 9 1 7 -0 0 1 22
21 1 .0 292-001 1 .4927-001 1.9343-001 1 .9 2 2 1 -0 0 1 1 .7 2 86-001 1 .4 4 1 1 -0 0 1 21
20 1 .0 080-001 1 .4 668-001 1 .9073-001 1 .9 0 4 3 -0 0 1 1 .7222-001 1 .4 4 6 3 -0 0 1 20
19 1 .0 367-001 1 .4622-001 1 .8507-001 1 .8 3 9 5 -0 0 1 1 .6 7 68-001 1 .4 254-001 19
18 1 .0 565-001 1 .4483-001 1.7861-001 1 .7 6 76-001 1 .6 2 34-001 1 .3 977-001 18
17 1 .0665-001 1 .4307-001 1 .7244-001 1 .6 9 67-001 1.5695-001 1 .3 6 9 2 -0 0 1 17
16 8 .8 7 8 8 -0 0 2 1 .2453-001 1 .5 207-001 1 .4 7 92-001 1 .4028-001 1 .2 8 6 0 -0 0 1 16
15 5 .4 1 3 8 -0 0 2 7 .1 3 2 0 -0 0 2 8 .7 6 9 9 -0 0 2 9 .5 5 2 2 -0 0 2 1 .0 3 45-001 1 .0 441-001 15
















- 5 .0 5 7 9 -0 0 2
- 6 .5 8 9 5 -0 0 2
-1 .5 3 1 4 -0 0 1
-2 .8 1 3 2 -0 0 1
-2 .7 9 9 8 -0 0 1
-2 .9 0 8 4 -0 0 1
-2 .5 5 5 4 -0 0 1
-1 .8 6 7 9 -0 0 1
-1 .6 4 5 9 -0 0 1
-1 .7 5 1 5 -0 0 1
0 .0000+000
0.0000+000


























-5 .1 4 3 0 -0 0 2
-8 .3 2 4 8 -0 0 2
-1 .1 3 8 8 -0 0 1
-1 .4 4 5 1 -0 0 1
-1 .5 6 0 7 -0 0 1
-1 .5 9 2 4 -0 0 1
-1 .6 3 3 7 -0 0 1
-1 .7 8 0 0 -0 0 1
-1 .9 3 0 5 -0 0 1
-2 .0 4 0 4 -0 0 1
-2 .2 0 0 3 -0 0 1
0 .0000+000
0.0000+000
- 1 . 1 2 2 2 - 0 0 2
-3 .8 2 9 7 -0 0 2
-6 .7 6 1 6 -0 0 2
-9 .9 1 8 4 -0 0 2
-1 .1 1 5 3 -0 0 1
-1 .1501-001
-1 .1 9 5 8 -0 0 1
-1 .3 6 3 3 -0 0 1
-1 .5386-001
-1 .6589-001
-1 .8 0 7 9 -0 0 1
0.0000+000
0.0000+000
1 .4 6 29-002
-8 .5 1 9 4 -0 0 3
-3 .4 3 3 9 -0 0 2
-6 .3 3 8 4 -0 0 2
-7 .4 7 6 3 -0 0 2
-7 .7 9 8 8 -0 0 2
-8 .2 2 2 9 -0 0 2
-9 .7 9 2 8 -0 0 2
-1 .1 3 8 8 -0 0 1
-1 .2 4 4 2 -0 0 1
















I 25 26 27 28 29 30
J=
23 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 0.0000+000 0.0000+000
J=
23
22 9 .4 5 5 8 -0 0 2 5 .9 4 5 3 -0 0 2 3 .9 3 9 1 -0 0 2 2 .3 6 3 6 -0 0 2 9 .6 5 3 4 -0 0 3 0.0000+000 22
21 1 .0 1 5 5 -0 0 1 6 .6 9 5 5 -0 0 2 4 .5 0 3 4 -0 0 2 2 .6 8 1 2 -0 0 2 1 .0 8 4 7 -0 0 2 0 .0000+000 21
20 1 .0 2 9 4 -0 0 1 6 .8 2 2 7 -0 0 2 4 .5 5 0 4 -0 0 2 2 .6 8 4 7 -0 0 2 1 .0 8 3 5 -0 0 2 0.0000+000 20
19 1 .0 2 8 5 -0 0 1 6 .8 9 2 2 -0 0 2 4 .6 1 4 9 -0 0 2 2 .7 3 8 1 -0 0 2 1 .1 0 7 1 -0 0 2 0.0000+000 19
18 1 .0 2 4 0 -0 0 1 6 .9 6 1 2 -0 0 2 4 .6 9 1 8 -0 0 2 2 .8 0 2 3 -0 0 2 1 .1 3 5 4 -0 0 2 0.0000+000 18
17 1 .0 1 9 8 -0 0 1 7 .0 4 2 4 -0 0 2 4 .7 8 2 5 -0 0 2 2 .8 7 8 1 -0 0 2 1 .1 6 9 2 -0 0 2 0.0000+000 17
16 1 .0 1 6 1 -0 0 1 7 .4 1 0 7 -0 0 2 5 .1 8 3 6 -0 0 2 3 .2 1 9 9 -0 0 2 1 .3 2 7 0 -0 0 2 0.0000+000 16
15 8 .7 5 4 0 -0 0 2 6 .5 9 0 7 -0 0 2 4 .6 5 5 2 -0 0 2 2 .9 1 7 6 -0 0 2 1 .2 0 6 1 -0 0 2 0.0000+000 15
14 6 .0 0 3 3 -0 0 2 4 .6 4 2 6 -0 0 2 3 .2 9 5 6 -0 0 2 2 .0 7 3 9 -0 0 2 8 .5 8 7 1 -0 0 3 0.0000+000 14
13 2 .1 7 2 6 -0 0 2 1 .8 512-002 1 .3 421-002 8 .5 8 6 3 -0 0 3 3 .5 7 5 1 -0 0 3 0.0000+000 13
12 4 .0 6 0 6 -0 0 3 5 .9 1 4 8 -0 0 3 4 .7 2 6 2 -0 0 3 3 .2 3 3 4 -0 0 3 1 .3 7 3 4 -0 0 3 0.0000+000 12
11 -1 .5 5 8 8 -0 0 2 -8 .0 7 0 1 -0 0 3 -4 .9 8 8 7 -0 0 3 -2 .7 8 1 1 -0 0 3 -1 .1 0 6 3 -0 0 3 0.0000+000 11
10 -3 .7 3 3 7 -0 0 2 -2 .2 9 2 2 -0 0 2 -1 .5 0 9 1 -0 0 2 -8 .9 3 3 7 -0 0 3 -3 .6 3 2 3 -0 0 3 0.0000+000 10
9 -4 .5 5 6 7 -0 0 2 -2 .8 3 0 3 -0 0 2 -1 .8 6 9 0 -0 0 2 -1 .1 0 9 2 -0 0 2 -4 .5 1 4 9 -0 0 3 0.0000+000 9
8 -4 .7 8 9 5 -0 0 2 -2 .9 8 2 1 -0 0 2 -1 .9 7 0 7 -0 0 2 -1 .1 7 0 1 -0 0 2 -4 .7 6 3 7 -0 0 3 0.0000+000 8
7 -5 .0 9 3 9 -0 0 2 -3 .1 7 9 1 -0 0 2 -2 .1 0 1 9 -0 0 2 -1 .2 4 8 4 -0 0 2 -5 .0 8 3 5 -0 0 3 0.0000+000 7
6 -6 .2 1 8 5 -0 0 2 -3 .9 0 1 9 -0 0 2 -2 .5 8 2 3 -0 0 2 -1 .5 3 4 9 -0 0 2 -6 .2 5 3 8 -0 0 3 0.0000+000 6
5 -7 .3 2 9 9 -0 0 2 -4 .6 0 1 6 -0 0 2 -3 .0 4 4 0 -0 0 2 -1 .8 0 7 9 -0 0 2 -7 .3 6 4 7 -0 0 3 0.0000+000 5
4 -8 .0 5 5 9 -0 0 2 -5 .0 6 1 1 -0 0 2 ■-3.3476-002 -1 .9 8 6 7 -0 0 2 -8 .0 9 0 3 -0 0 3 0.0000+000 4
3 -9 .0 4 7 0 -0 0 2 -5 .7 6 3 8 -0 0 2 -3 .7 9 9 2 -0 0 2 -2 .2 5 1 4 -0 0 2 -9 .1 6 7 7 -0 0 3 0.0000+000 3
2 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 0.0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 1
****************************** K = 1 ******************************
****************************** PRESSURE ******************************
—  ALL PRESSURE VALUES ARE RELATIVE TO P ( 3 0 ,2 3 ,2 5 )  —
1 = 1  2 3 4 5 6
J=  . J=
23 7 .3904+003 1.0207+004 1 .0164+004 1 .0112+004 1 .0047+004 9 .9258+003 23
22 1 .0237+004 1 .3054+004 1 .3084+004 1 .3084+004 1 .3075+004 1 .2763+004 22
21 1 .0237+004 1.3106+004 1.3141+004 1 .3131+004 T.3113+004 1 .2800+004 21
20 1 .0237+004 1.3200+004 1.3218+004 1 .3207+004 1 .3189+004 1 .2844+004 20
341
19 1.0237+004 1.3231+004 1.3233+004 1.3221+004 1.3198+004 1.2848+004 19
18 1.0237+004 1.3257+004 1.3253+004 1.3229+004 1.3196+004 1.2850+004 18
17 1.0237+004 1.3346+004 1.3330+004 1.3295+004 1.3238+004 1.2890+004 17
16 1.0237+004 1.2374+004 1.2346+004 1.2360+004 1.2355+004 1.2291+004 16
15 1.0237+004 1.2380+004 1.2346+004 1.2357+004 1.2349+004 1.2316+004 15
14 1.0237+004 1.2255+004 1.2237+004 1.2257+004 1.2264+004 1.2284+004 14
13 1.0237+004 1.2035+004 1.2054+004 1.2079+004 1.2100+004 1.2155+004 13
12 1.0237+004 1.1990+004 1.1975+004 1.2029+004 1.2053+004 1.2113+004 12
11 1.0237+004 1.1938+004 1.1983+004 1.2012+004 1.2037+004 1.2089+004 11
10 1.0237+004 1.1963+004 1.2033+004 1.2062+004 1.2085+004 1.2122+004 10
9 1.0237+004 1.1998+004 1.2064+004 1.2100+004 1.2123+004 1.2155+004 9
8 1.0237+004 1.2000+004 1.2072+004 1.2107+004 1.2131+004 1.2164+004 8
7 1.0237+004 1.2006+004 1.2085+004 1.2120+004 1.2144+004 1.2177+004 7
6 1.0237+004 1.2024+004 1.2132+004 1.2162+004 1.2189+004 1.2219+004 6
5 1.0237+004 1.2033+004 1.2158+004 1.2193+004 1.2224+004 1.2262+004 5
4 1.0237+004 1.2007+004 1.2143+004 1.2180+004 1.2217+004 1.2264+004 4
3 1.0237+004 1.1984+004 1.2128+004 1.2165+004 1.2207+004 1.2257+004 3
2 1.0237+004 1.2001+004 1.2179+004 1.2178+004 1.2310+004 1.2259+004 2
1 8.4427+003 1.0207+004 1.0164+004 1.0112+004 1.0047+004 9.9258+003 1
1= 7 8 9 10 11 12
J=
23 9.7390+003 9.5523+003 9.3655+003 9.1788+003 9.0045+003 8.9142+003
J=
23
22 1.2497+004 1.2250+004 1.2080+004 1.2190+004 1.2946+004 1.3758+004 22
21 1.2534+004 1.2291+004 1.2120+004 1.2203+004 1.2829+004 1.3363+004 21
20 1.2568+004 1.2316+004 1.2133+004 1.2190+004 1.2776+004 1.3308+004 20
19 1.2568+004 1.2321+004 1.2136+004 1.2186+004 1.2883+004 1.3654+004 19
18 1.2576+004 1.2345+004 1.2183+004 1.2308+004 1.3364+004 1.4798+004 18
17 1.2619+004 1.2405+004 1.2290+004 1.2569+004 1.4251+004 1.6788+004 17
16 1.2215+004 1.2152+004 1.2032+004 1.1856+004 1.1915+004 1.2200+004 16
15 1.2269+004 1.2242+004 1.2129+004 1.1871+004 1.1877+004 1.2106+004 15
14 1.2298+004 1.2322+004 1.2248+004 1.1979+004 1.1866+004 1.2003+004 14
13 1.2202+004 1.2243+004 1.2218+004 1.2036+004 1.1881+004 1.1898+004 13
12 1.2140+004 1.2141+004 1.2095+004 1.1937+004 1.1699+004 1.1477+004 12
11 1.2094+004 1.2063+004 1.2004+004 1.1889+004 1.1713+004 1.1342+004 11
10 1.2088+004 1.2001+004 1.1893+004 1.1788+004 1.1542+004 1.0243+004 10
9 1.2112+004 1.2009+004 1.1878+004 1.1766+004 1.1494+004 7.8572+003 9
8 1.2121+004 1.2015+004 1.1879+004 1.1765+004 1.1522+004 1.1954+004 8
7 1.2134+004 1.2025+004 1.1882+004 1.1766+004 1.1523+004 9.8246+003 7
6 1.2177+004 1.2065+004 1.1908+004 1.1796+004 1.1666+004 1.1401+004 6
5 1.2254+004 1.2189+004 1.2079+004 1.2019+004 1.2088+004 1.2299+004 5
4 1.2284+004 1.2261+004 1.2212+004 1.2198+004 1.2309+004 1.2489+004 4
3 1.2286+004 1.2274+004 1.2251+004 1.2277+004 1.2423+004 1.2280+004 3
2 1.2282+004 1.2258+004 1.2199+004 1.2184+004 1.2997+004 1.4035+004 2
1 9.7390+003 9 .5523+003 9.3655+003 9.1788+003 9.0045+003 8.9142+003 1
1= 13 14 15 16 17 18
J=
23 8.8862+003 8 .8489+003 8.8178+003 8.7929+003 8.7617+003 8.7244+003
J=
23
22 1.3925+004 1.4126+004 1.4243+004 1.4285+004 1.4273+004 1.4172+004 22
21 1.3560+004 1.3747+004 1.3855+004 1.3902+004 1.3907+004 1.3839+004 21
20 1.3509+004 1.3738+004 1.3872+004 1.3938+004 1.3955+004 1.3891+004 20
19 1.3949+004 1.4258+004 1.4428+004 1.4500+004 1.4496+004 1.4351+004 19
18 1.5264+004 1.5762+004 1.6018+004 1.6112+004 1.6071+004 1.5755+004 18
17 1.7598+004 1.8457+004 1.8875+004 1.9008+004 1.8895+004 1.8265+004 17
342
16 1.2349+004 1.2513+004 1.2609+004
15 1.2242+004 1.2394+004 1.2481+004
14 1.2091+004 1.2194+004 1.2258+004
13 1.1933+004 1.1976+004 1.2012+004
12 1.1659+004 1.2054+004 1.2386+004
11 1.1455+004 1.1831+004 1.2197+004
10 1.0238+004 1.2034+004 1.4634+004
9 3.9980+003 1.0440+004 2.8661+004
8 -4 .0 4 0 2 + 0 0 5 -3 .1430+ 005 -3 .0356+ 005
7 -2 .9 6 7 9 + 0 0 5 -3 .0850+ 005 -3 .0400+ 005
6 -3 .0 7 2 2 + 0 0 5 -3 .0700+ 005 -3 .0633+ 005
5 -3 .0 9 0 5 + 0 0 5 -3 .0860+ 005 -3 .0828+ 005
4 -3 .1 1 2 3 + 0 0 5 -3 .1088+ 005 -3 .1065+ 005
3 -3 .1 3 3 9 + 0 0 5 -3 .1300+ 005 -3 .1284+ 005
2 8 .8862+003 8.8489+003 8.8178+003




23 8 .6964+003 8.6061+003 8.4318+003
22 1.4040+004 1.3540+004 1.3103+004
21 1.3713+004 1.3424+004 1.3120+004
20 1.3797+004 1.3417+004 1.3133+004
19 1.4154+004 1.3563+004 1.3144+004
18 1.5357+004 1.4076+004 1.3268+004
17 1.7480+004 1.4972+004 1.3515+004
16 1.2548+004 1.2395+004 1.2651+004
15 1.2465+004 1.2330+004 1.2600+004
14 1.2309+004 1.2289+004 1.2674+004
13 1.2177+004 1.2384+004 1.2774+004
12 1.1784+004 1.2291+004 1.2701+004
11 1.1662+004 1.2378+004 1.2659+004
10 1.0961+004 1.2312+004 1.2524+004
9 8 .9148+003 1.2167+004 1.2451+004
8 9.2287+003 1.2144+004 1.2435+004
7 9.5447+003 1.2134+004 1.2417+004
6 1.1652+004 1.2244+004 1.2379+004
5 1.2740+004 1.2559+004 1.2536+004
4 1.2906+004 1.2595+004 1.2648+004
3 1.2685+004 1.2400+004 1.2597+004
2 8 .6963+003 8.6061+003 8.4318+003
1 8.6964+003 8.6061+003 8.4318+003
1= 25 26 27
J=
23 7.6848+003 7.5634+003 7.4981+003
22 1.5010+004 1.5490+004 1.5652+004
21 1.5040+004 1.5503+004 1.5681+004
20 1.5059+004 1.5507+004 1.5710+004
19 1.5053+004 1.5495+004 1.5707+004
18 1.5051+004 1.5484+004 1.5701+004
17 1.5079+004 1.5504+004 1.5727+004
16 1.4570+004 1.4875+004 1.5011+004
15 1.4596+004 1.4887+004 1.5027+004
14 1.4583+004 1.4842+004 1.4972+004
2654+004 1.2667+004 1.2621+004 16
2524+004 1.2544+004 1.2516+004 15
2293+004 1.2321+004 1.2325+004 14
2041+004 1.2088+004 1.2154+004 13
2487+004 1.2363+004 1.2009+004 12
2296+004 1.2133+004 1.1837+004 11
5375+004 1.3376+004 1.1287+004 10
7789+004 1.8379+004 5.6878+003 9
0320+005 -3 .1864+ 005 -4 .6 9 6 5 + 0 0 5 8
0341+005 -3 .0 7 5 8 + 0 0 5 -2 .8030+ 005 7
0634+005 -3 .0721+ 005 -3 .0739+ 005 6
0825+005 -3 .0 8 6 3 + 0 0 5 -3 .0 9 1 3 + 0 0 5 5
1060+005 -3 .1088+ 005 -3 .1131+ 005 4
1278+005 -3 .1295+ 005 -3 .1 3 1 3 + 0 0 5 3
7929+003 8.7617+003 8.7244+003 2





3292+004 1.3794+004 1.4397+004 22
3329+004 1.3827+004 1.4423+004 21
3349+004 1.3841+004 1.4433+004 20
3363+004 1.3852+004 1.4431+004 19
3418+004 1.3882+004 1.4441+004 18
3528+004 1.3945+004 1.4481+004 17
3214+004 1.3719+004 1.4146+004 16
3278+004 1.3795+004 1.4192+004 ,15
3368+004 1.3855+004 1.4213+004 14
3330+004 1.3750+004 1.4102+004 13
3181+004 1.3611+004 1.4013+004 12
3065+004 1.3506+004 1.3945+004 11
2902+004 1.3405+004 1.3910+004 10
2862+004 1.3401+004 1.3924+004 9
2857+004 1.3404+004 1.3930+004 8
2853+004 1.3411+004 1.3940+004 7
2859+004 1.3443+004 1.3974+004 6
3024+004 1.3566+004 1.4051+004 5
3102+004 1.3591+004 1.4036+004 4
3115+004 1.3635+004 1.4089+004 3
2450+003 8.0583+003 7.8715+003 2
2450+003 8.0583+003 7.8715+003 1
28 29 30
J=
4470+003 7.4034+003 -1 .0 4 3 6 + 0 0 3 23
5755+004 1.5821+004 7.3736+003 22
5788+004 1.5863+004 7.3736+003 21
5821+004 1.5917+004 7.373&+303 20
5820+004 1.5922+004 7.3736+003 19
5818+004 1.5924+004 7.3736+003 18
5851+004 1.5962+004 7.3736+003 17
5103+004 1.5156+004 7.3736+003 16
5121+004 1.5180+004 7.3736+003 15



















































13 1.4466+004 1.4696+004 1.4815+004 1.4892+004 1.4950+004 7.3736+003 13
12 1.4404+004 1.4630+004 1.4747+004 1.4822+004 1.4881+004 7 .3736+003 12
11 1.4357+004 1.4583+004 1.4696+004 1.4768+004 1.4823+004 7.3736+003 11
10 1.4354+004 1.4587+004 1.4699+004 1.4770+004 1.4823+004 7 .3736+003 10
9 1.4373+004 1.4609+004 1.4720+004 1.4792+004 1.4844+004 7 .3736+003 9
8 1.4379+004 1.4612+004 1.4722+004 1.4792+004 1.4844+004 7.3736+003 8
7 1.4388+004 1.4620+004 1.4729+004 1.4799+004 1.4850+004 7.3736+003 7
6 1.4417+004 1.4651+004 1.4759+004 1.4829+004 1.4880+004 7.3736+003 6
5 1.4464+004 1.4688+004 1.4792+004 1.4863+004 1.4913+004 7.3736+003 5
4 1.4422+004 1.4630+004 1.4731+004 1.4801+004 1 .4849+004 7.3736+003 4
3 1.4475+004 1.4673+004 1.4778+004 1.4849+004 1.4897+004 7.3736+003 3
2 7.6848+003 7.5634+003 7.4980+003 7.4470+003 7.4034+003 7.3736+003 2
1 7.6848+003 7.5634+003 7.4981+003 7.4470+003 7 .4034+003 7.3736+003 1
****************************** K = 1 ******************************
******************* * * ********* KINETIC ENERGY ******************************
1= 1 2 3 4 5 6
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 0.0000+000 1 .4 5 32-002 1 .5 1 0 5 -0 0 2 1 .6 6 5 1 -0 0 2 2 .2 2 3 9 -0 0 2 3 .1 5 5 4 -0 0 2 22
21 0.0000+000 1 .7 8 43-002 1 .8 3 3 1 -0 0 2 1 .9 3 9 8 -0 0 2 2 .3 2 9 7 -0 0 2 3 .0 0 3 4 -0 0 2 21
20 0.0000+000 2 .0 1 2 3 -0 0 2 2 .0 2 9 4 -0 0 2 2 .0 9 8 3 -0 0 2 2 .3 8 9 6 -0 0 2 2 .9 3 6 1 -0 0 2 20
19 0.0000+000 2 .3 3 6 3 -0 0 2 2 .2 7 9 3 -0 0 2 2 .2 7 4 2 -0 0 2 2 .4 6 7 6 -0 0 2 2 .8 9 7 9 -0 0 2 19
18 0.0000+000 2 .6 3 1 2 -0 0 2 2 .4 9 2 9 -0 0 2 2 .4 1 4 9 -0 0 2 2 .5 3 6 1 -0 0 2 2 .8 8 4 3 -0 0 2 18
17 0.0000+000 2 .9 2 4 6 -0 0 2 2 .6 9 8 0 -0 0 2 2 .5 4 5 6 -0 0 2 2 .5 9 9 8 -0 0 2 2 .8 7 1 0 -0 0 2 17
16 0.0000+000 3 .7 4 0 0 -0 0 2 3 .2 0 7 1 -0 0 2 2 .8 0 8 2 -0 0 2 2 .6 6 8 6 -0 0 2 2 .7 6 5 7 -0 0 2 16
15 0.0000+000 4 .4 4 3 5 -0 0 2 3 .6 5 4 6 -0 0 2 3 .0 2 6 2 -0 0 2 2 .6 9 4 9 -0 0 2 2 .5 7 5 1 -0 0 2 15
14 0.0000+000 4 .6 1 8 8 -0 0 2 3 .7 9 9 2 -0 0 2 3 .1 1 0 2 -0 0 2 2 .6 9 4 7 -0 0 2 2 .4 1 4 7 -0 0 2 14
13 0.0000+000 4 .3 3 0 9 -0 0 2 3 .6 6 4 0 -0 0 2 3 .0 7 1 7 -0 0 2 2 .6 8 8 3 -0 0 2 2 .3 6 0 3 -0 0 2 13
12 0.0000+000 4 .2 1 5 0 -0 0 2 3 .6 2 1 2 -0 0 2 3 .1 0 5 0 -0 0 2 2 .7 7 2 1 -0 0 2 2 .5 1 5 5 -0 0 2 12
11 0.0000+000 3 .9 4 4 3 -0 0 2 3 .4 5 7 3 -0 0 2 3 .0 1 4 1 -0 0 2 2 .7 1 9 8 -0 0 2 2 .4 4 8 8 -0 0 2 11
10 0.0000+000 3 .6 0 4 0 -0 0 2 3 .2 4 1 7 -0 0 2 2 .9 0 4 6 -0 0 2 2 .6 7 1 3 -0 0 2 2 .4 3 2 0 -0 0 2 10
9 0.0000+000 3 .4 4 5 8 -0 0 2 3 .1 3 9 3 -0 0 2 2 .8 5 4 9 -0 0 2 2 .6 5 4 8 -0 0 2 2 .4 5 1 1 -0 0 2 9
8 0.0000+000 3 .3 9 7 3 -0 0 2 3 .1 0 7 8 -0 0 2 2 .8 3 8 2 -0 0 2 2 .6 4 7 1 -0 0 2 2 .4 5 0 0 -0 0 2 8
7 0.0000+000 3 .3 3 3 5 -0 0 2 3 .0 6 5 0 -0 0 2 2 .8 1 4 7 -0 0 2 2 .6 3 5 2 -0 0 2 2 .4 4 7 4 -0 0 2 7
6 0.0000+000 3 .0 7 0 7 -0 0 2 2 .8 8 6 7 -0 0 2 2 .7 0 8 3 -0 0 2 2 .5 7 3 4 -0 0 2 2 .4 1 1 7 -0 0 2 6
5 0.0000+000 2 .7 4 3 6 -0 0 2 2 .6 4 8 5 -0 0 2 2 .5 5 2 6 -0 0 2 2 .4 7 3 8 -0 0 2 2 .3 7 0 3 -0 0 2 '5
4 0 .0000+000 2 .4 8 7 5 -0 0 2 2 .4 4 7 0 -0 0 2 2 .4 0 4 7 -0 0 2 2 .3 6 8 0 -0 0 2 2 .3 1 9 7 -0 0 2 4
3 0.0000+000 2 .2 8 5 1 -0 0 2 2 .2 7 4 1 -0 0 2 2 .2 6 2 3 -0 0 2 2 .2 5 4 2 -0 0 2 2 .2 5 1 0 -0 0 2 3
2 0 .0000+000 2 .1 1 4 3 -0 0 2 2 .1 1 6 9 -0 0 2 2 .1 2 0 9 -0 0 2 2 .1 3 2 6 -0 0 2 2 .1 6 2 4 -0 0 2 2
1 0 .0000+000 2 .1 1 4 2 -0 0 2 2 .1 1 6 9 -0 0 2 2 .1 2 0 8 -0 0 2 2 .1 3 2 5 -0 0 2 2 .1 6 2 3 -0 0 2 1
1= 7 8 9 10 11 12
J= J=
23 0.0000+000 0 .0000+000 0 .0000+000 0 .0000+000 0.0000+000 0 .0000+000 23
22 5 .6 0 3 7 -0 0 2 8 .4 8 7 9 -0 0 2 1 .1 549-001 1 .3 9 2 5 -0 0 1 1 .4 1 2 2 -0 0 1 1 .3 309-001 22
21 4 .8 3 2 9 -0 0 2 7 .0 8 0 5 -0 0 2 9 .5 7 7 0 -0 0 2 1 .1 745-001 1 .2 7 0 2 -0 0 1 1 .2724-001 21
20 4 .3 9 1 1 -0 0 2 6 .1 4 7 3 -0 0 2 8 .1 2 6 7 -0 0 2 1 .0 047-001 1 .1 6 2 1 -0 0 1 1 .2571-001 20
19 4 .0 9 6 6 -0 0 2 5 .5 3 3 7 -0 0 2 7 .1 8 6 7 -0 0 2 9 .0 0 5 1 -0 0 2 1 .1 2 2 3 -0 0 1 1 .3 381-001 19
18 3 .9 5 9 5 -0 0 2 5 .2 6 5 9 -0 0 2 6 .8 0 0 9 -0 0 2 8 .6 4 8 0 -0 0 2 1 .1 4 6 0 -0 0 1 1 .4 889-001 18
344
17 3 .8 4 7 7 -0 0 2 5 .0 6 0 3 -0 0 2 6 .5 1 7 6 -0 0 2 8 .4 1 7 5 -0 0 2 1 .1815-001 1 .6483-001 17
16 3 .5 3 1 6 -0 0 2 4 .5 4 5 1 -0 0 2 5 .8 1 4 9 -0 0 2 7 .7 0 8 0 -0 0 2 1 .1878-001 1 .9708-001 16
15 3 .1 2 3 8 -0 0 2 3 .9 1 0 8 -0 0 2 4 .8 8 3 8 -0 0 2 6 .5 5 8 5 -0 0 2 1 .2245-001 2 .6 528-001 15
14 2 .7 5 6 7 -0 0 2 3 .3 2 4 7 -0 0 2 3 .9 6 8 4 -0 0 2 5 .1 4 7 2 -0 0 2 1 .2301-001 3 .5381-001 14
13 2 .5 3 9 3 -0 0 2 2 .9 2 4 1 -0 0 2 3 .3 3 2 2 -0 0 2 4 .1 1 8 0 -0 0 2 1 .2222-001 4 .7 2 1 3 -0 0 1 13
12 2 .7 1 9 4 -0 0 2 3 .0 8 8 1 -0 0 2 3 .4 3 2 6 -0 0 2 4 .0 5 5 2 -0 0 2 1 .1826-001 5 .5 467-001 12
11 2 .5 6 2 1 -0 0 2 2 .8 3 3 0 -0 0 2 3 .1 0 2 2 -0 0 2 3 .6 5 7 7 -0 0 2 1 .1138-001 5 .7 940-001 11
10 2 .4 8 5 6 -0 0 2 2 .6 7 5 1 -0 0 2 2 .8 8 4 4 -0 0 2 3 .3 8 6 6 -0 0 2 9 .4 4 6 9 -0 0 2 5 .5215-001 10
9 2 .5 0 2 5 -0 0 2 2 .6 7 1 0 -0 0 2 2 .8 5 7 8 -0 0 2 3 .3 3 1 2 -0 0 2 8 .1 9 2 4 -0 0 2 4 .1 8 5 8 -0 0 1 9
8 2 .4 9 6 6 -0 0 2 2 .6 5 7 9 -0 0 2 2 .8 4 1 3 -0 0 2 3 .3 1 1 6 -0 0 2 7 .8 6 4 6 -0 0 2 3 .6 2 2 5 -0 0 1 8
7 2 .4 8 8 3 -0 0 2 2 .6 4 0 1 -0 0 2 2 .8 1 7 9 -0 0 2 3 .2 8 2 7 -0 0 2 7 .4 1 9 2 -0 0 2 2 .9 5 7 5 -0 0 1 7
6 2 .4 2 3 7 -0 0 2 2 .5 4 4 4 -0 0 2 2 .7 1 8 7 -0 0 2 3 .1 7 1 6 -0 0 2 5 .9 9 9 9 -0 0 2 1 .5380-001 6
5 2 .3 8 2 9 -0 0 2 2 .4 8 8 4 -0 0 2 2 .6 6 2 4 -0 0 2 3 .1 0 8 6 -0 0 2 5 .1 0 6 0 -0 0 2 9 .6 1 1 1 -0 0 2 5
4 2 .3 5 7 9 -0 0 2 2 .4 7 4 9 -0 0 2 2 .6 6 7 2 -0 0 2 3 .1 2 8 6 -0 0 2 4 .6 7 8 2 -0 0 2 6 ,8 4 1 8 -0 0 2 4
3 2 .3 2 8 0 -0 0 2 2 .4 7 5 6 -0 0 2 2 .7 0 3 0 -0 0 2 3 .2 1 1 3 -0 0 2 4 .5 4 2 2 -0 0 2 5 .4 2 2 1 -0 0 2 3
2 2 .2 8 1 9 -0 0 2 2 .4 7 1 0 -0 0 2 2 .7 3 9 7 -0 0 2 3 .3 0 7 1 -0 0 2 4 .7 3 7 2 -0 0 2 4 .8 5 7 2 -0 0 2 2
1 2 .2 8 1 8 -0 0 2 2 .4 7 1 1 -0 0 2 2 .7 3 9 8 -0 0 2 3 .3 0 7 2 -0 0 2 4 .7 3 7 2 -0 0 2 4 .8 5 7 2 -0 0 2 1
1= 13 14 15 16 17 18
J=
23 0 .0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 1 .2 9 03-001 1 .2 3 92-001 1 .2139-001 1 .2067-001 1 .2 142-001 1 .2464-001 22
21 1 .2 6 3 7 -0 0 1 1 .2 4 6 6 -0 0 1 1 .2 3 6 7 -0 0 1 1 .2 3 25-001 1 .2 321-001 1 .2370-001 21
20 1 .2 6 44-001 1 .2 6 9 1 -0 0 1 1 .2 6 93-001 1 .2676-001 1 .2630-001 1 .2520-001 20
19 1 .3502-001 1 .3 6 5 1 -0 0 1 1 .3 7 14-001 1 .3724-001 1 .3684-001 1 .3539-001 19
18 1 .5 0 37-001 1 .5 2 4 4 -0 0 1 1 .5352-001 1 .5393-001 1 .5 387-001 1 .5276-001 18
17 1 .6 6 45-001 1 .6 8 5 9 -0 0 1 1 .6 995-001 1 .7 0 68-001 1 .7113-001 1 .7092-001 17
16 1 .8 9 40-001 1 .8 6 8 9 -0 0 1 1 .8 7 26-001 1 .8822-001 1 .9 042-001 1 .9631-001 16
15 2 .5 0 1 9 -0 0 1 2 .4 4 9 4 -0 0 1 2 .4 5 7 1 -0 0 1 2.4.802-001 2 .5 3 5 9 -0 0 1 2 .6 8 7 2 -0 0 1 15
14 3 .3 1 7 8 -0 0 1 3 .2 4 6 4 -0 0 1 3 .2 6 5 6 -0 0 1 3 .3 0 8 5 -0 0 1 3 .4 1 1 4 -0 0 1 3 .6 9 6 7 -0 0 1 14
13 4 .3 7 1 3 -0 0 1 4 .2 7 1 1 -0 0 1 4 .3 0 5 4 -0 0 1 4 .3 6 7 4 -0 0 1 4 .5 1 9 0 -0 0 1 4 .9 7 7 1 -0 0 1 13
12 5 .2 1 9 9 -0 0 1 5 .2 5 8 7 -0 0 1 5 .3 9 0 4 -0 0 1 5 .4 7 65-001 5 .6 049-001 6 .0 1 8 4 -0 0 1 12
11 5 .3 7 1 9 -0 0 1 5 .3 2 8 1 -0 0 1 5 .4 0 0 0 -0 0 1 5 .4 5 3 4 -0 0 1 5 .6 0 0 5 -0 0 1 6 .1 1 3 4 -0 0 1 11
10 5 .4 7 3 4 -0 0 1 5 .7 7 4 8 -0 0 1 5 .9 6 2 6 -0 0 1 5 .9 8 1 7 -0 0 1 6 .0 5 2 3 -0 0 1 6 .2 2 3 9 -0 0 1 10
9 5 .0 0 0 7 -0 0 1 5 .7 3 5 7 -0 0 1 6 .1 2 9 2 -0 0 1 6 .2 1 4 0 -0 0 1 6 .1 1 3 0 -0 0 1 5 .6 9 1 6 -0 0 1 9
8 3 .0 3 5 1 -0 0 1 5 .2 5 3 0 -0 0 1 5 .5 3 4 6 -0 0 1 5 .5 0 65-001 5 .4 874-001 3 .5 5 7 1 -0 0 1 8
7 2 .5 2 2 8 -0 0 1 4 .5 0 6 3 -0 0 1 4 .6 8 0 0 -0 0 1 4 .5 8 3 2 -0 0 1 4 .6 0 6 6 -0 0 1 2 .9 6 4 5 -0 0 1 7
6 1 .2 6 7 8 -0 0 1 1 .9 8 2 7 -0 0 1 1 .9007-001 1 .8136-001 1 .9 921-001 1 .5161-001 6
5 7 .6 9 9 7 -0 0 2 1 .0 5 4 4 -0 0 1 9 .9 2 6 7 -0 0 2 9 .2 9 9 9 -0 0 2 1 .0424-001 8 .8 8 4 6 -0 0 2 5
4 5 .7 3 3 1 -0 0 2 6 .8 1 6 0 -0 0 2 6 .1 9 2 1 -0 0 2 5 .6 4 2 7 -0 0 2 6 .4 0 5 1 -0 0 2 6 .1 3 1 3 -0 0 2 4
3 4 .9 0 9 3 -0 0 2 4 .8 8 7 3 -0 0 2 4 .0 1 9 1 -0 0 2 3 .2 3 5 5 -0 0 2 3 .2 7 5 2 -0 0 2 3 .4 6 3 1 -0 0 2 3
2 C .0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 1
1= 19 20 21 22 23 24
J=
23 0.0000+000 0 .0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 1 .2 7 6 5 -0 0 1 1 .3 2 3 3 -0 0 1 1 .3105-001 1 .0856-001 7 .9 0 3 0 -0 0 2 5 .1 6 9 3 -0 0 2 22
21 1 .2 377-001 1 .2 0 1 9 -0 0 1 1 .1 065-001 9 .0 1 2 6 -0 0 2 6 .6 2 5 5 -0 0 2 4 .4 9 5 1 -0 0 2 21
20 1 .2 389-001 1 .1 1 1 4 -0 0 1 9 .4 9 8 4 -0 0 2 7 .6 7 3 9 -0 0 2 5 .7 9 0 0 -0 0 2 4 .1 1 6 4 -0 0 2 20
19 1 .3 3 9 8 -0 0 1 1 .0 7 9 7 -0 0 1 8 .5 1 5 7 -0 0 2 6 .7 8 8 1 -0 0 2 5 .2 2 8 6 -0 0 2 3 .8 5 9 4 -0 0 2 19
18 1 .5 1 8 2 -0 0 1 1 .1 0 6 3 -0 0 1 8 .1 7 1 3 -0 0 2 6 .4 1 6 2 -0 0 2 4 .9 7 8 3 -0 0 2 3 .7 3 7 1 -0 0 2 18
17 1 .7 066-001 1 .1 4 5 3 -0 0 1 7 .9 4 3 5 -0 0 2 6 .1 3 4 4 -0 0 2 4 .7 8 0 5 -0 0 2 3 .6 3 3 5 -0 0 2 17
16 2 .0 7 3 7 -0 0 1 1 .1 1 5 3 -0 0 1 7 .0 4 2 0 -0 0 2 5 .3 6 0 7 -0 0 2 4 .2 5 0 1 -0 0 2 3 .3 2 2 5 -0 0 2 16
15 2 .9 5 8 6 -0 0 1 1 .1 0 6 0 -0 0 1 5 .5 7 5 5 -0 0 2 4 .3 2 3 6 -0 0 2 3 .5 8 7 8 -0 0 2 2 .9 0 7 5 -0 0 2 15
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14 4 .2 1 0 6 -0 0 1 1 .0700-001 3 .9 2 0 4 -0 0 2 3 .3 8 4 1 -0 0 2 2 .9 9 1 2 -0 0 2 2 .5 1 7 2 -0 0 2 14
13 5 .8 8 0 3 -0 0 1 1 .0059-001 2 .9 7 2 8 -0 0 2 2 .8 0 4 1 -0 0 2 2 .5 9 3 3 -0 0 2 2 .2 5 5 8 -0 0 2 13
12 7 .0 5 1 8 -0 0 1 9 .3 5 3 4 -0 0 2 3 .0 6 1 1 -0 0 2 2 .9 8 5 2 -0 0 2 2 .8 0 2 9 -0 0 2 2 .4 5 2 0 -0 0 2 12
11 7 .3 1 3 3 -0 0 1 8 .6 7 5 3 -0 0 2 2 .7 9 6 8 -0 0 2 2 .7 1 6 8 -0 0 2 2 .5 8 0 1 -0 0 2 2 .3 0 7 9 -0 0 2 11
10 6 .9 0 9 9 -0 0 1 7 .3 8 4 4 -0 0 2 2 .7 3 9 1 -0 0 2 2 .6 1 6 2 -0 0 2 2 .5 0 0 8 -0 0 2 2 .2 9 0 5 -0 0 2 10
9 4 .9 7 6 8 -0 0 1 6 .7 5 4 2 -0 0 2 2 .8 0 3 1 -0 0 2 2 .6 6 4 9 -0 0 2 2 .5 5 6 6 -0 0 2 2 .3 5 9 0 -0 0 2 9
8 4 .3 2 6 3 -0 0 1 6 .3 6 1 1 -0 0 2 2 .8 0 7 1 -0 0 2 2 .6 6 6 2 -0 0 2 2 .5 5 8 9 -0 0 2 2 .3 6 7 0 -0 0 2 8
7 3 .6 0 9 5 -0 0 1 5 .9 0 4 7 -0 0 2 2 .8 0 8 6 -0 0 2 2 .6 6 5 7 -0 0 2 2 .5 6 1 1 -0 0 2 2 .3 7 7 4 -0 0 2 7
6 1 .8 6 5 0 -0 0 1 4 .6 6 2 8 -0 0 2 2 .7 7 8 5 -0 0 2 2 .6 3 3 6 -0 0 2 2 .5 2 5 9 -0 0 2 2 .3 7 6 1 -0 0 2 6
5 1 .1 3 71-001 4 .0 4 4 6 -0 0 2 2 .8 0 6 4 -0 0 2 2 .6 9 3 1 -0 0 2 2 .5 9 4 8 -0 0 2 2 .4 6 9 4 -0 0 2 5
4 7 .3 5 3 5 -0 0 2 3 .7 1 9 6 -0 0 2 2 .9 5 4 2 -0 0 2 2 .8 8 9 9 -0 0 2 2 .7 9 7 8 -0 0 2 2 .6 7 9 8 -0 0 2 4
3 3 .0 3 1 6 -0 0 2 2 .5 0 7 7 -0 0 2 2 .4 6 5 9 -0 0 2 2 .4 2 8 5 -0 0 2 2 .3 0 8 8 -0 0 2 2 .1 7 5 5 -0 0 2 3
2 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 0.0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 1
1= 25 26 27 28 29 30
J= J=
23 0.0000+000 0.0000+000 0.0000+000 0 .0000+000 0.0000+000 0.0000+000 23
22 2 .9 0 1 8 -0 0 2 2 .0 2 7 2 -0 0 2 1 .4 1 4 4 -0 0 2 1 .2 0 6 0 -0 0 2 1 .1 062-002 1 .1 076-002 22
21 2 .7 8 5 6 -0 0 2 2 .1 3 6 3 -0 0 2 1 .6 9 48-002 1 .5 3 7 9 -0 0 2 1 .4482-002 1 .4 492-002 21
20 2 .7 3 5 6 -0 0 2 2 .1 8 4 5 -0 0 2 1 .8 3 10-002 1 .6 9 6 0 -0 0 2 1 .6182-002 1 .6 191-002 20
19 2 .7 0 6 3 -0 0 2 2 .2 3 6 9 -0 0 2 1 .9 4 8 5 -0 0 2 1 .8 3 7 1 -0 0 2 1 .7720-002 1 .7 729-002 19
18 2 .6 9 2 9 -0 0 2 2 .2 7 2 1 -0 0 2 2 .0 2 0 0 -0 0 2 1 .9 2 4 4 -0 0 2 1 .8 686-002 1 .8 694-002 18
17 2 .6 7 6 4 -0 0 2 2 .2 9 8 1 -0 0 2 2 .0 7 7 9 -0 0 2 1 .9 9 6 8 -0 0 2 1 .9 500-002 1 .9 507-002 17
16 2 .5 6 0 8 -0 0 2 2 .2 7 7 8 -0 0 2 2 .1 3 9 5 -0 0 2 2 .0 9 7 1 -0 0 2 2 .0 7 6 6 -0 0 2 2 .0 7 7 2 -0 0 2 16
15 2 .3 3 3 1 -0 0 2 2 .1 4 2 5 -0 0 2 2 .0 7 1 4 -0 0 2 2 .0 6 0 6 -0 0 2 2 .0 6 0 1 -0 0 2 2 .0 6 0 7 -0 0 2 15
14 2 .0 9 6 0 -0 0 2 1 .9 7 2 8 -0 0 2 1 .9 4 0 7 -0 0 2 1 .9 4 3 5 -0 0 2 1 .9 500-002 1 .9 5 0 6 -0 0 2 14
13 1 .9 4 2 9 -0 0 2 1 .8 5 5 7 -0 0 2 1 .8 3 4 3 -0 0 2 1 .8 3 6 0 -0 0 2 1 .8 389-002 1 .8 4 0 0 -0 0 2 13
12 2 .0 9 8 6 -0 0 2 1 .9 6 6 2 -0 0 2 1 .9 3 2 9 -0 0 2 1 .9 2 2 5 -0 0 2 1 .9206-002 1 .9 2 1 8 -0 0 2 12
11 2 .0 4 0 4 -0 0 2 1 .9 5 1 8 -0 0 2 1 .9 280-002 1 .9 2 3 7 -0 0 2 1 .9 2 18-002 1 .9 232-002 11
10 2 .0 9 1 8 -0 0 2 2 .0 3 2 2 -0 0 2 2 .0 1 7 1 -0 0 2 2 .0 1 5 1 -0 0 2 2 .0 1 4 0 -0 0 2 2 .0 1 5 2 -0 0 2 10
9 2 .1 6 6 4 -0 0 2 2 .1 0 3 2 -0 0 2 2 .0 8 7 7 -0 0 2 2 .0 8 3 9 -0 0 2 2 .0 8 2 1 -0 0 2 2 .0 8 3 1 -0 0 2 9
8 2 .1 8 1 4 -0 0 2 2 .1 2 1 0 -0 0 2 2 .1 0 6 3 -0 0 2 2 .1 0 2 6 -0 0 2 2 .1 0 0 9 -0 0 2 2 .1 0 1 8 -0 0 2 8
7 2 .2 0 0 6 -0 0 2 2 .1 4 3 3 -0 0 2 2 .1 2 9 6 -0 0 2 2 .1 2 6 0 -0 0 2 2 .1 2 4 3 -0 0 2 2 .1 2 5 1 -0 0 2 7
6 2 .2 5 1 3 -0 0 2 2 .2 1 9 1 -0 0 2 2 .2 1 0 7 -0 0 2 2 .2 0 9 3 -0 0 2 2 .2 0 8 4 -0 0 2 2 .2 0 9 0 -0 0 2 6
5 2 .3 7 4 7 -0 0 2 2 .3 5 0 6 -0 0 2 2 .3 4 3 8 -0 0 2 2 .3 4 1 8 -0 0 2 2 .3 4 0 6 -0 0 2 2 .3 4 0 7 -0 0 2 5
4 2 .5 9 3 1 -0 0 2 2 .5 6 7 5 -0 0 2 2 ,5 5 9 7 -0 0 2 2 .5 5 6 3 -0 0 2 2 .5 5 4 3 -0 0 2 2 .5 5 4 2 -0 0 2 4
3 2 .0 8 7 5 -0 0 2 2 .0 6 5 9 -0 0 2 2 .0 5 7 5 -0 0 2 2 .0 5 2 8 -0 0 2 2 .0 5 0 5 -0 0 2 2 .0 5 0 1 -0 0 2 3
2 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 1
****************************** = 2 ******************************
****************************** d is s ip a t m 1 RATE ******************************
1= 1 2 3 4 5 6
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 0.0000+000 3 .6 1 4 0 -0 0 2 4 .6 6 5 9 -0 0 2 6 .4 3 2 7 -0 0 2 1 .1918-001 2 .1 4 1 2 -0 0 1 22
21 0 .0000+000 4 .7 9 1 8 -0 0 2 5 .5 6 3 7 -0 0 2 6 .8 9 8 8 -0 0 2 1 .0754-001 1 .6758-001 21
20 0.0000+000 5 .7 1 1 3 -0 0 2 6 .1 7 4 4 -0 0 2 7 .1 4 3 6 -0 0 2 9 .9 1 1 6 -0 0 2 1 .4173-001 20
19 0 .0000+000 7 .0 0 0 4 -0 0 2 6 .9 1 5 5 -0 0 2 7 .3 2 6 2 -0 0 2 9 .1 8 1 9 -0 0 2 1 .2199-001 19
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18 0.0000+000 8 .3 1 4 5 -0 0 2 7 .6 7 1 8 -0 0 2 7 .6 1 1 8 -0 0 2 8 .9 6 6 7 -0 0 2 1 .1 3 78-001 18
17 0.0000+000 9 .8 2 0 3 -0 0 2 8 .5 2 5 6 -0 0 2 7 .9 6 2 1 -0 0 2 8 .8 6 5 9 -0 0 2 1 .0 7 57-001 17
16 0.0000+000 1 .4 9 1 3 -0 0 1 1 .1043-001 8 .6 2 9 4 -0 0 2 8 .2 4 0 6 -0 0 2 9 .0 9 7 6 -0 0 2 16
15 0.0000+000 1 .9 777-001 1 .3503-001 9 .2 1 7 6 -0 0 2 7 .5 7 1 9 -0 0 2 7 .3 9 3 4 -0 0 2 15
14 0.0000+000 2 .0 9 8 5 -0 0 1 1 .4323-001 9 .4 0 6 4 -0 0 2 7 .0 8 0 9 -0 0 2 6 .0 2 5 8 -0 0 2 14
13 0.0000+000 1 .8 3 1 8 -0 0 1 1 .3117-001 8 .9 1 4 5 -0 0 2 6 .6 4 1 2 -0 0 2 5 .0 6 9 9 -0 0 2 13
12 0.0000+000 1 .7 4 4 7 -0 0 1 1 .2782-001 9 .0 2 1 2 -0 0 2 6 .9 1 6 1 -0 0 2 5 .4 7 5 1 -0 0 2 12
11 0.0000+000 1 .4 9 5 1 -0 0 1 1 .1358-001 8 .2 6 6 9 -0 0 2 6 .4 3 2 1 -0 0 2 4 .8 6 7 0 -0 0 2 11
10 0.0000+000 1 .1 9 1 1 -0 0 1 9 .4 5 6 6 -0 0 2 7 .2 3 6 7 -0 0 2 5 .8 0 7 3 -0 0 2 4 .3 5 6 3 -0 0 2 10
9 0.0000+000 1 .0 518-001 8 .5 2 1 0 -0 0 2 6 .6 9 4 6 -0 0 2 5 .4 7 4 9 -0 0 2 4 .1 9 2 3 -0 0 2 9
8 0.0000+000 1 .0 0 8 5 -0 0 1 8 .2 3 1 4 -0 0 2 6 .5 2 2 5 -0 0 2 5 .3 6 5 6 -0 0 2 4 .1 2 4 3 -0 0 2 8
7 0.0000+000 9 .5 4 5 1 -0 0 2 7 .8 6 1 2 -0 0 2 6 .3 0 0 4 -0 0 2 5 .2 2 3 0 -0 0 2 4 .0 3 8 3 -0 0 2 7
6 0.0000+000 7 .3 4 6 6 -0 0 2 6 .3 3 2 1 -0 0 2 5 .3 3 6 7 -0 0 2 4 .5 8 3 6 -0 0 2 3 .6 1 8 0 -0 0 2 6
5 0.0000+000 4 .9 5 0 1 -0 0 2 4 .5 0 7 8 -0 0 2 4 .0 4 6 8 -0 0 2 3 .6 4 6 5 -0 0 2 3 .0 5 7 9 -0 0 2 5
4 0.0000+000 3 .3 4 6 4 -0 0 2 3 .1 8 4 2 -0 0 2 3 .0 0 6 1 -0 0 2 2 .8 3 0 0 -0 0 2 2 .5 4 6 7 -0 0 2 4
3 0.0000+000 2 .3 4 4 6 -0 0 2 2 .2 9 8 9 -0 0 2 2 .2 4 6 5 -0 0 2 2 .1 9 1 9 -0 0 2 2 .1 0 8 5 -0 0 2 3
2 0.0000+000 1 .7 3 1 1 -0 0 2 1 .7 281-002 1 .7 2 6 0 -0 0 2 1 .7 3 4 8 -0 0 2 1 .7 6 5 3 -0 0 2 2
1 0.0000+000 1 .7 3 0 8 -0 0 2 1 .7 2 78-002 1 .7 2 5 8 -0 0 2 1 .7 3 4 5 -0 0 2 1 .7 6 5 1 -0 0 2 1
1= 7 8 9 10 11 12
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 5 .1 4 4 3 -0 0 1 9 .3 2 9 5 -0 0 1 1.3610+000 1.5316+000 1.1884+000 9 .5 0 3 9 -0 0 1 22
21 3 .5 0 4 8 -0 0 1 6 .0 8 2 8 -0 0 1 8 .8 6 7 8 -0 0 1 1.0400+000 9 .3 2 5 8 -0 0 1 8 .6 3 4 5 -0 0 1 21
20 2 .5 8 8 6 -0 0 1 4 .1 2 5 1 -0 0 1 5 .7 9 24-001 7 .0 2 6 9 -0 0 1 7 .5 8 3 5 -0 0 1 8 .5 9 3 4 -0 0 1 20
19 2 .0 1 3 4 -0 0 1 3 .0 0 9 9 -0 0 1 4 .1 478-001 5 .3 7 4 9 -0 0 1 7 .2 8 4 8 -0 0 1 1.0503+000 19
18 1 .7 9 2 2 -0 0 1 2 .6 2 0 7 -0 0 1 3 .6 3 4 8 -0 0 1 5 .0 2 5 7 -0 0 1 8 .0 6 9 4 -0 0 1 1.3937+000 18
17 1 .6 3 22-001 2 .3 5 8 4 -0 0 1 3 .3 1 8 8 -0 0 1 4 .8 9 9 2 -0 0 1 9 .0 3 2 3 -0 0 1 1.7634+000 17
16 1 .2 9 23-001 1 .8 5 4 4 -0 0 1 2 .7 4 0 6 -0 0 1 4 .6 0 8 9 -0 0 1 1.0296+000 2.6592+000 16
15 9 .9 7 5 1 -0 0 2 1 .4 1 1 8 -0 0 1 2 .1 0 8 3 -0 0 1 3 .9 3 2 0 -0 0 1 1.2536+000 4.8163+000 15
14 7 .6 1 4 9 -0 0 2 1 .0 3 6 7 -0 0 1 1 .4507-001 2 .6 0 4 6 -0 0 1 1.3653+000 7.9386+000 14
13 5 .8 5 1 1 -0 0 2 7 .5 7 8 7 -0 0 2 9 .7 8 0 8 -0 0 2 1 .5 4 84-001 1.3983+000 1.2519+001 13
12 6 .3 9 6 5 -0 0 2 8 .2 2 7 9 -0 0 2 1 .0168-001 1 .4 2 58-001 1.3044+000 1.5681+001 12
11 5 .2 6 8 1 -0 0 2 6 .4 6 9 7 -0 0 2 7 .7 3 1 6 -0 0 2 1 .0 5 31-001 1.1523+000 1.6638+001 11
10 4 .3 8 2 3 -0 0 2 5 .0 7 2 9 -0 0 2 5 .8 4 3 0 -0 0 2 7 .8 2 2 0 -0 0 2 7 .6 1 6 7 -0 0 1 1.3738+001 10
9 4 .1 7 1 1 -0 0 2 4 .7 2 5 7 -0 0 2 5 .3 4 2 5 -0 0 2 7 .0 8 2 7 -0 0 2 5 .5 1 6 8 -0 0 1 8 .1912+000 9
8 4 .0 7 7 7 -0 0 2 4 .5 8 7 9 -0 0 2 5 .1 7 0 9 -0 0 2 6 .8 6 6 2 -0 0 2 5 .0 2 2 0 -0 0 1 6.6401+000 8
7 3 .9 6 1 2 -0 0 2 4 .4 1 4 0 -0 0 2 4 .9 5 0 5 -0 0 2 6 .5 8 1 9 -0 0 2 4 .4 0 0 4 -0 0 1 4.8678+000 7
6 3 .4 2 1 7 -0 0 2 3 .6 8 3 8 -0 0 2 4 .1 1 5 4 -0 0 2 5 .5 3 8 9 -0 0 2 2 .6 4 9 0 -0 0 1 1.7071+000 6
5 2 .8 8 5 2 -0 0 2 3 .0 4 4 7 -0 0 2 3 .4 1 0 7 -0 0 2 4 .7 2 6 8 -0 0 2 1 .7518-001 6 .9 5 9 6 -0 0 1 5
4 2 .4 8 8 2 -0 0 2 2 .6 6 4 8 -0 0 2 3 .0 6 1 0 -0 0 2 4 .4 1 1 4 -0 0 2 1 .3 330-001 3 .2 2 8 5 -0 0 1 4
3 2 .1 8 5 0 -0 0 2 2 .4 4 0 4 -0 0 2 2 .9 2 8 1 -0 0 2 4 .4 3 6 3 -0 0 2 1 .1 628-001 1 .8 5 9 3 -0 0 1 3
2 1 .9 5 8 2 -0 0 2 2 .3 1 5 1 -0 0 2 2 .9 1 8 2 -0 0 2 4 .6 4 1 4 -0 0 2 1 .1 778-001 1 .3 2 6 4 -0 0 1 2
1 1 .9 5 8 1 -0 0 2 2 .3 1 5 1 -0 0 2 2 .9 1 8 3 -0 0 2 4 .6 4 1 7 -0 0 2 1 .1 7 78-001 1 .3 2 6 4 -0 0 1 1
1= 13 14 15 16 17 18
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 8 .8 3 1 7 -0 0 1 8 .0 8 2 7 -0 0 1 7 .7 6 5 4 -0 0 1 7 .7 0 4 9 -0 0 1 7 .8 6 7 4 -0 0 1 8 .4 2 1 1 -0 0 1 22
21 8 .4 2 8 3 -0 0 1 8 .1 6 4 9 -0 0 1 8 .0 5 5 7 -0 0 1 8 .0 3 8 3 -0 0 1 8 .0 9 9 1 -0 0 1 8 .2 7 9 3 -0 0 1 21
20 8 .6 1 6 3 -0 0 1 8 .6 5 8 3 -0 0 1 8 .6 9 5 7 -0 0 1 8 .7 2 4 0 -0 0 1 8 .7 5 1 4 -0 0 1 8 .7 4 2 7 -0 0 1 20
19 1.0549+000 1.0725+000 1.0883+000 1.0998+000 1.1122+000 1.1208+000 19
18 1.3869+000 1.4055+000 1.4324+000 1.4576+000 1.4936+000 1.5420+000 18
17 1.7328+000 1.7361+000 1.7692+000 1.8085+000 1.8748+000 1.9874+000 17
16 2.3067+000 2 .1560+000 2.1656+000 2.2271+000 2.3809+000 2.7661+000 16
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15 3.8943+000 3.4621+000 3.4434+000 3.5733+000 3.9539+000 5.0140+000 15
14 6.1938+000 5.3422+000 5.2833+000 5.5254+000 6.2913+000 8.5562+000 14
13 9.3631+000 7.8600+000 7.7363+000 8.1220+000 9.4337+000 1.3605+001 13
12 1.1868+001 1.0224+001 1.0238+001 1.0753+001 1.2403+001 1.7862+001 12
11 1.2176+001 1.0161+001 9.9579+000 1.0348+001 1.2062+001 1.8069+001 11
10 1.1103+001 1.0387+001 1.0504+001 1.0677+001 1.1982+001 1.6348+001 10
9 7.4629+000 8.9721+000 9.8261+000 1.0034+001 1.0038+001 9.5899+000 9
8 3 .6638+000 8.5235+000 9.0836+000 8.9390+000 9.1993+000 5.0076+000 8
7 2.7615+000 7.3767+000 7.7534+000 7.4163+000 7.6768+000 3.7993+000 7
6 8 .5 3 1 9 -0 0 1 3.6411+000 3.8856+000 3.5220+000 3.5300+000 1.2555+000 6
5 3 .3 7 5 2 -0 0 1 1.6111+000 1.9392+000 1.7263+000 1.5612+000 4 .9 0 9 0 -0 0 1 5
4 1 .9 225-001 8 .2 5 6 3 -0 0 1 1.1114+000 1.0060+000 8 .3 2 9 9 -0 0 1 2 .7 2 8 9 -0 0 1 4
3 1 .4 284-001 4 .8 3 4 5 -0 0 1 7 .0 0 1 5 -0 0 1 6 .5 1 4 9 -0 0 1 4 .7 2 0 1 -0 0 1 2 .3 6 5 2 -0 0 1 3
2 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 1
1= 19 20 21 22 23 24
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 8 .9 6 0 6 -0 0 1 1.0688+000 1.3892+000 1.2279+000 8 .2 5 5 4 -0 0 1 4 .4 9 1 8 -0 0 1 22
21 8 .4 0 4 6 -0 0 1 8 .5 8 9 3 -0 0 1 9 .4 6 6 9 -0 0 1 8 .0 2 0 1 -0 0 1 5 .4 2 70-001 3 .0 9 7 0 -0 0 1 21
20 8 .6 9 0 1 -0 0 1 7 .2 5 8 8 -0 0 1 6 .5 1 0 9 -0 0 1 5 .3 1 1 1 -0 0 1 3 .7 4 5 9 -0 0 1 2 .3 3 0 7 -0 0 1 20
19 1.1254+000 7 .3 2 4 7 -0 0 1 5 .1 2 8 2 -0 0 1 3 .8 7 5 7 -0 0 1 2 .7 8 3 6 -0 0 1 1.8460-001 19
18 1.5873+000 8 .4 4 6 3 -0 0 1 4 .9 1 8 5 -0 0 1 3 .4 4 7 5 -0 0 1 2 .4 5 2 7 -0 0 1 1 .6610-001 18
17 2.0976+000 9 .7 7 2 7 -0 0 1 4 .9 1 1 0 -0 0 1 3 .1 8 8 8 -0 0 1 2 .2 2 8 4 -0 0 1 1 .5254-001 17
16 3.3682+000 1.1237+000 4 .7 0 1 1 -0 0 1 2 .6 7 8 3 -0 0 1 1 .7767-001 1 .2240-001 16
15 6.8140+000 1.4011+000 3 .9 0 5 8 -0 0 1 2 .0 1 4 1 -0 0 1 1 .3 456-001 9 .4 9 1 2 -0 0 2 15
14 1.2611+001 1.5451+000 2 .1 9 4 9 -0 0 1 1 .3177-001 9 .7 5 2 1 -0 0 2 7 .2 2 7 3 -0 0 2 14
13 2.1723+001 1.5261+000 1 .1 074-001 8 .7 0 1 3 -0 0 2 7 .0 9 4 9 -0 0 2 5 .4 8 2 8 -0 0 2 13
12 2.8836+001 1.3293+000 1 .0 620-001 9 .5 8 5 1 -0 0 2 8 .0 8 7 0 -0 0 2 6 .1 9 9 3 -0 0 2 12
11 3.0503+001 1.1499+000 7 .7 0 6 7 -0 0 2 7 .2 8 0 7 -0 0 2 6 .3 7 0 2 -0 0 2 5 .0 5 5 8 -0 0 2 11
10 2.5514+001 6 .9 1 5 9 -0 0 1 6 .1 6 6 1 -0 0 2 5 .7 2 9 3 -0 0 2 5 .1 4 0 5 -0 0 2 4 .2 5 7 1 -0 0 2 10
9 1.3219+001 5 .2 5 8 7 -0 0 1 6 .0 4 5 0 -0 0 2 5 .4 9 1 9 -0 0 2 4 .9 7 5 4 -0 0 2 4 .1 8 3 4 -0 0 2 9
8 1.0885+001 4 .5 3 1 9 -0 0 1 5 .9 5 2 8 -0 0 2 5 .3 7 6 7 -0 0 2 4 .8 7 8 8 -0 0 2 4 .1 2 5 5 -0 0 2 8
7 8 .4892+000 3 .7 8 5 4 -0 0 1 5 .8 3 8 1 -0 0 2 5 .2 3 6 1 -0 0 2 4 .7 6 5 6 -0 0 2 4 .0 6 1 8 -0 0 2 7
6 3.3341+000 2 .0 6 8 8 -0 0 1 5 .2 0 3 9 -0 0 2 4 .6 1 0 5 -0 0 2 4 .2 0 0 8 -0 0 2 3 .7 0 3 3 -0 0 2 6
5 1.4035+000 1 .4 7 7 2 -0 0 1 5 .1 2 1 6 -0 0 2 4 .5 6 4 7 -0 0 2 4 .2 0 6 9 -0 0 2 3 .8 3 7 5 -0 0 2 5
4 5 .4 6 6 0 -0 0 1 1 .2 569-001 6 .4 1 9 9 -0 0 2 5 .8 6 5 3 -0 0 2 5 .4 5 5 8 -0 0 2 5 .0 6 6 1 -0 0 2 4
3 2 .1 0 2 8 -0 0 1 1 .6 5 3 0 -0 0 1 1 .4 545-001 1 .3563-001 1 .2 524-001 1 .1624-001 3
2 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 2
1 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 1
1= 25 26 27 28 29 30
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 1 .8 866-001 1 .0 6 5 5 -0 0 1 5 .5 1 7 8 -0 0 2 3 .7 9 4 1 -0 0 2 2 .6 3 6 1 -0 0 2 2 .6 3 8 8 -0 0 2 22
21 1 .4 886-001 9 .6 2 3 3 -0 0 2 5 .9 6 6 2 -0 0 2 4 .5 9 5 0 -0 0 2 3 .6 9 5 0 -0 0 2 3 .6 9 7 0 -0 0 2 21
20 1 .2 748-001 8 .8 8 8 7 -0 0 2 6 .1 5 4 0 -0 0 2 5 .0 1 6 2 -0 0 2 4 .2 9 2 5 -0 0 2 4 .2 9 4 1 -0 0 2 20
19 1 .1 1 2 1 -0 0 1 8 .2 4 9 5 -0 0 2 6 .1 9 9 2 -0 0 2 5 .3 0 6 8 -0 0 2 4 .7 3 5 5 -0 0 2 4 .7 3 6 7 -0 0 2 19
18 1 .0 4 4 9 -0 0 1 8 .0 1 4 0 -0 0 2 6 .2 7 3 4 -0 0 2 5 .5 0 8 0 -0 0 2 5 .0 1 5 0 -0 0 2 5 .0 1 5 8 -0 0 2 18
17 9 .9 2 2 6 -0 0 2 7 .8 3 5 7 -0 0 2 6 .3 5 5 6 -0 0 2 5 .7 0 3 9 -0 0 2 5 .2 8 2 6 -0 0 2 5 .2 8 2 8 -0 0 2 17
16 8 .4 4 8 9 -0 0 2 7 .0 5 7 5 -0 0 2 6 .2 0 3 1 -0 0 2 5 .8 5 0 0 -0 0 2 5 .6 3 6 5 -0 0 2 5 .6 3 6 2 -0 0 2 16
15 6 .8 4 5 5 -0 0 2 5 .9 7 0 0 -0 0 2 5 .5 4 6 1 -0 0 2 5 .4 1 5 6 -0 0 2 5 .3 5 6 3 -0 0 2 5 .3 5 5 7 -0 0 2 15
14 5 .4 4 6 8 -0 0 2 4 .9 1 5 2 -0 0 2 4 .7 3 4 7 -0 0 2 4 .7 1 0 6 -0 0 2 4 .7 1 7 3 -0 0 2 4 .7 1 6 6 -0 0 2 14
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16 6 .7 9 3 2 -0 0 4 7 .8 2 4 1 -0 0 4 8 .6 5 3 7 -0 0 4 9 .0 3 6 7 -0 0 4 9 .5 9 8 4 -0 0 4 1 .0 2 2 3 -0 0 3
15 6 .8 8 4 6 -0 0 4 7 .6 1 2 2 -0 0 4 7 .9 4 4 4 -0 0 4 7 .6 8 5 4 -0 0 4 8 .3 9 2 5 -0 0 4 1 .0 2 2 7 -0 0 3
14 7 .0 2 2 0 -0 0 4 7 .4 9 3 8 -0 0 4 7 .6 2 7 5 -0 0 4 7 .1 5 3 7 -0 0 4 7 .7 8 4 8 -0 0 4 1 .1 0 2 8 -0 0 3
13 7 .7 4 3 8 -0 0 4 7 .9 2 4 3 -0 0 4 7 .9 7 2 5 -0 0 4 7 .6 9 4 6 -0 0 4 7 .5 0 7 7 -0 0 4 1 .2 4 3 7 -0 0 3
12 8 .1 1 9 2 -0 0 4 8 .1 3 8 6 -0 0 4 8 .1 3 6 4 -0 0 4 8 .0 9 7 2 -0 0 4 7 .5 3 5 0 -0 0 4 1 .3 6 9 3 -0 0 3
11 8 .7 4 2 2 -0 0 4 8 .7 0 3 4 -0 0 4 8 .7 3 1 9 -0 0 4 8 .9 0 8 0 -0 0 4 7 .5 6 4 3 -0 0 4 1 .4 0 7 9 -0 0 3
10 9 .8 7 6 6 -0 0 4 9 .8 8 2 4 -0 0 4 9 .9 7 3 2 -0 0 4 1 .0 265-003 8 .2 2 3 1 -0 0 4 1 .5 4 7 3 -0 0 3
9 1 .0 5 1 1 -0 0 3 1 .0 5 6 7 -0 0 3 i . 0699-003 1 .0 960-003 8 .5 3 3 9 -0 0 4 1 .4 9 1 8 -0 0 3
8 1 .0 7 0 0 -0 0 3 1 .0 7 7 7 -0 0 3 1 .0 9 2 4 -0 0 3 1 .1 171-003 8 .6 3 8 1 -0 0 4 1 .3 7 9 2 -0 0 3
7 1 .0 9 3 9 -0 0 3 1 .1 0 4 9 -0 0 3 1 .1 2 2 0 -0 0 3 1 .1 4 4 8 -0 0 3 8 .7 7 1 7 -0 0 4 1 .2 5 5 0 -0 0 3
6 1 .2 0 0 4 -0 0 3 1 .2 2 8 3 -0 0 3 1 .2 5 4 9 -0 0 3 1 .2 686-003 9 .5 1 9 5 -0 0 4 9 .7 0 2 5 -0 0 4
5 1 .3 7 4 2 -0 0 3 1 .4 1 9 6 -0 0 3 1 .4 5 0 3 -0 0 3 1 .4 266-003 1 .0 4 1 5 -0 0 3 9 .2 9 8 9 -0 0 4
4 1 .5 5 8 5 -0 0 3 1 .6 0 2 7 -0 0 3 1 .6 2 0 2 -0 0 3 1 .5 473-003 1 .1 4 78-003 1 .0 1 4 8 -0 0 3
3 1 .7 2 8 6 -0 0 3 1 .7 4 9 8 -0 0 3 1 .7 3 8 5 -0 0 3 1 .6 203-003 1 .2 3 94-003 1 .1 0 5 7 -0 0 3
2 1 .8 5 1 8 -0 0 3 1 .8 3 7 0 -0 0 3 1 .7 9 1 7 -0 0 3 1 .6 423-003 1 .3 3 01-003 1 .2 4 2 4 -0 0 3
1 1 .8 5 1 9 -0 0 3 1 .8 3 7 0 -0 0 3 1 .7 9 1 7 -0 0 3 1 .6 423-003 1 .3 3 01-003 1 .2 4 2 4 -0 0 3
1= 13 14 15 16 17 18
J=
23 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6
22 4 .9 1 5 1 -0 0 4 4 .8 3 4 1 -0 0 4 4 .7 6 8 3 -0 0 4 4 .7 3 1 8 -0 0 4 4 .7 1 0 7 -0 0 4 4 .7 1 2 1 -0 0 4
21 1 .2 6 2 2 -0 0 3 1 .2 6 6 4 -0 0 3 1 .2 6 2 2 -0 0 3 1 .2 562-003 1 .2 4 59-003 1 .2 2 9 2 -0 0 3
20 1 .2 9 5 7 -0 0 3 1 .2 9 9 0 -0 0 3 1 .2 9 3 8 -0 0 3 1 .2 863-003 1 .2 7 32-003 1 .2 5 2 5 -0 0 3
19 1 .2 0 7 7 -0 0 3 1 .2 1 4 1 -0 0 3 1 .2 0 7 7 -0 0 3 1 .1 9 6 9 -0 0 3 1 .1 767-003 1 .1 4 3 6 -0 0 3
18 1 .1 3 9 9 -0 0 3 1 .1 5 5 8 -0 0 3 1 .1 5 0 3 -0 0 3 1 .1 366-003 1 .1 0 8 6 -0 0 3 1 .0 5 8 9 -0 0 3
17 1 .1 1 8 1 -0 0 3 1 .1 4 4 6 -0 0 3 1 .1 4 1 3 -0 0 3 1 .1 2 6 3 -0 0 3 1 .0 925-003 1 .0 2 8 8 -0 0 3
16 1 .0 8 7 8 -0 0 3 1 .1 3 2 7 -0 0 3 1 .1 3 2 1 -0 0 3 1 .1 124-003 1 .0 655-003 9 .7 5 6 2 -0 0 4
15 1 .1 2 3 9 -0 0 3 1 .2 1 0 8 -0 0 3 1 .2 2 4 9 -0 0 3 1 .2 028-003 1 .1 370-003 1 .0 0 8 1 -0 0 3
14 1 .2 4 1 5 -0 0 3 1 .3 7 6 8 -0 0 3 1 .4 0 8 4 -0 0 3 1 .3 826-003 1 .2 917-003 1 .1 1 6 8 -0 0 3
13 1 .4 2 3 9 -0 0 3 1 .6 1 7 8 -0 0 3 1 .6 6 9 8 -0 0 3 1 .6 3 6 9 -0 0 3 1 .5 0 9 7 -0 0 3 1 .2 7 1 6 -0 0 3
12 1 .6 0 0 5 -0 0 3 1 .8 8 3 6 -0 0 3 1 .9 7 5 9 -0 0 3 1 .9 4 1 9 -0 0 3 1 .7 646-003 1 .4 1 4 9 -0 0 3
11 1 .6 5 1 8 -0 0 3 1 .9 4 5 3 -0 0 3 2 .0 3 8 4 -0 0 3 2 .0 0 0 7 -0 0 3 1 .8 112-003 1 .4 4 3 0 -0 0 3
10 1 .8 7 9 0 -0 0 3 2 .2 3 3 7 -0 0 3 2 .3 5 4 3 -0 0 3 2 .3 3 1 0 -0 0 3 2 .1 2 7 5 -0 0 3 1 .6 5 1 5 -0 0 3
9 2 .3 3 0 8 -0 0 3 2 .5 4 9 5 -0 0 3 2 .6 5 7 8 -0 0 3 2 .6 7 5 2 -0 0 3 2 .5 8 8 2 -0 0 3 2 .3 4 9 5 -0 0 3
8 1 .7 5 1 6 -0 0 3 2 .2 5 2 2 -0 0 3 2 .3 4 5 6 -0 0 3 2 .3 5 9 3 -0 0 3 2 .2 7 7 0 -0 0 3 1 .7 6 0 2 -0 0 3
7 1 .6 0 6 5 -0 0 3 1 .9 1 6 7 -0 0 3 1 .9 6 6 6 -0 0 3 1 .9 718-003 1 .9 247-003 1 .6 1 2 3 -0 0 3
6 1 .3 1 5 2 -0 0 3 7 .5 8 3 9 -0 0 4 6 .5 4 6 2 -0 0 4 6 .5 7 4 8 -0 0 4 7 .8 9 2 5 -0 0 4 1 .2 7 8 4 -0 0 3
5 1 .2 2 7 0 -0 0 3 4 .8 8 6 8 -0 0 4 3 .6 2 7 4 -0 0 4 3 .5 7 8 0 -0 0 4 4 .9 2 7 9 -0 0 4 1 .1 2 4 2 -0 0 3
4 1 .1 9 4 6 -0 0 3 4 .0 0 5 1 -0 0 4 2 .4 9 7 9 -0 0 4 2 .3 0 0 6 -0 0 4 3 .5 1 9 1 -0 0 4 9 .6 4 6 6 -0 0 4
3 1 .1 7 9 1 -0 0 3 3 .5 2 9 9 -0 0 4 1 .7 0 6 7 -0 0 4 1 .2 2 1 9 -0 0 4 1 .6 8 2 8 -0 0 4 3 .6 1 9 9 -0 0 4
2 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6
1 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6
1=
1—
19 20 21 22 23 24
23 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6
22 4 .7 1 3 3 -0 0 4 4 .3 4 5 3 -0 0 4 3 .2 7 6 3 -0 0 4 2 .2 8 2 8 -0 0 4 1 .4 8 0 3 -0 0 4 8 .8 2 1 3 -0 0 5
21 1 .2 1 2 3 -0 0 3 1 .1 1 6 6 -0 0 3 8 .5 3 8 8 -0 0 4 6 .5 4 4 4 -0 0 4 4 .9 9 0 9 -0 0 4 3 .7 0 5 7 -0 0 4
20 1 .2 3 4 0 -0 0 3 1 .1 8 9 3 -0 0 3 9 .6 9 9 2 -0 0 4 7 .7 7 6 9 -0 0 4 6 .2 8 3 5 -0 0 4 5 .0 9 2 3 -0 0 4
19 1 .1 1 5 5 -0 0 3 1 .1 1 3 2 -0 0 3 9 .9 0 2 7 -0 0 4 8 .3 4 3 4 -0 0 4 6 .9 1 1 5 -0 0 4 5 .6 9 7 9 -0 0 4
18 1 .0 1 6 5 -0 0 3 1 .0 1 4 6 -0 0 3 9 .5 1 1 4 -0 0 4 8 .3 7 9 7 -0 0 4 7 .1 0 7 8 -0 0 4 5 .9 3 2 9 -0 0 4
17 9 .7 2 4 9 -0 0 4 9 .4 0 4 9 -0 0 4 9 .0 0 8 3 -0 0 4 8 .2 8 2 6 -0 0 4 7 .2 1 2 3 -0 0 4 6 .1 0 4 1 -0 0 4
16 8 .9 5 0 1 -0 0 4 7 .7 7 6 6 -0 0 4 7 .4 1 6 1 -0 0 4 7 .5 4 1 3 -0 0 4 7 .1 5 1 2 -0 0 4 6 .3 5 5 8 -0 0 4
15 9 .0 0 4 2 -0 0 4 6 .1 5 6 8 -0 0 4 5 .6 2 2 7 -0 0 4 6 .5 3 8 4 -0 0 4 6 ;7 3 5 8 -0 0 4 6 .2 7 9 0 -0 0 4





















































13 1 .1 1 3 0 -0 0 3 4 .7 0 2 6 -0 0 4 5 .6 3 8 3 -0 0 4 6 .3 6 9 9 -0 0 4 6 .6 7 6 3 -0 0 4 6 .5 3 9 9 -0 0 4 13
12 1 .2 049-003 4 .6 6 8 1 -0 0 4 6 .2 2 2 8 -0 0 4 6 .5 5 1 1 -0 0 4 6 .8 4 0 7 -0 0 4 6 .8 2 9 7 -0 0 4 12
11 1 .2 2 4 9 -0 0 3 4 .6 4 3 0 -0 0 4 7 .1 4 1 8 -0 0 4 7 .1 3 4 3 -0 0 4 7 .3 5 1 0 -0 0 4 7 .4 1 0 0 -0 0 4 11
10 1 .3 066-003 5 .5 7 0 6 -0 0 4 8 .5 4 0 3 -0 0 4 8 .3 8 7 7 -0 0 4 8 .5 3 9 6 -0 0 4 8 .6 4 9 6 -0 0 4 10
9 1 .3 0 8 3 -0 0 3 6 .1 1 8 0 -0 0 4 9 .1 1 5 5 -0 0 4 9 .0 7 0 0 -0 0 4 9 .2 1 2 7 -0 0 4 9 .3 2 7 1 -0 0 4 9
8 1 .2 014-003 6 .2 9 3 7 -0 0 4 9 .2 8 1 1 -0 0 4 9 .2 7 0 7 -0 0 4 9 .4 0 9 0 -0 0 4 9 .5 1 9 9 -0 0 4 8
7 1 .0 735-003 6 .4 8 9 1 -0 0 4 9 .4 7 1 3 -0 0 4 9 .5 1 3 4 -0 0 4 9 .6 4 6 4 -0 0 4 9 .7 5 1 1 -0 0 4 7
6 7 .3 3 3 0 -0 0 4 7 .3 8 8 2 -0 0 4 1 .0 388-003 1 .0 5 3 3 -0 0 3 1 .0 6 3 2 -0 0 3 1 .0 6 7 2 -0 0 3 6
5 6 .4 8 8 8 -0 0 4 7 .7 7 9 8 -0 0 4 1 .0 7 6 2 -0 0 3 1 .1 1 1 7 -0 0 3 1 .1 1 9 6 -0 0 3 1 .1 1 1 7 -0 0 3 5
4 6 .9 5 9 3 -0 0 4 7 .7 3 3 7 -0 0 4 9 .5 2 6 3 -0 0 4 9 .9 7 2 3 -0 0 4 1 .0 0 4 7 -0 0 3 9 .9 2 7 3 -0 0 4 4
3 3 .1 3 6 6 -0 0 4 2 .7 4 5 7 -0 0 4 3 .0 0 6 2 -0 0 4 3 .1 2 1 8 -0 0 4 3 .0 5 7 5 -0 0 4 2 .9 2 8 9 -0 0 4 3
2 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 2
1 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 1
1= 25 26 27 28 29 30
J=
23 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6
J=
23
22 4 .4 8 0 7 -0 0 5 3 .0 4 1 8 -0 0 5 2 .2 3 5 7 -0 0 5 2 .0 9 0 2 -0 0 5 2 .2 9 2 7 -0 0 5 2 .2 9 7 3 -0 0 5 22
21 2 .5 6 8 3 -0 0 4 2 .1 1 7 0 -0 0 4 1 .9 4 3 4 -0 0 4 1 .9 8 1 2 -0 0 4 2 .1 1 4 9 -0 0 4 2 .1 1 7 5 -0 0 4 21
20 4 .0 6 3 6 -0 0 4 3 .6 6 7 3 -0 0 4 3 .6 5 8 4 -0 0 4 3 .8 1 3 0 -0 0 4 4 .0 2 6 5 -0 0 4 4 .0 3 0 1 -0 0 4 20
19 4 .6 6 7 0 -0 0 4 4 .3 0 3 5 -0 0 4 4 .3 3 9 9 -0 0 4 4 .5 0 0 1 -0 0 4 4 .6 8 5 4 -0 0 4 4 .6 8 9 1 -0 0 4 19
18 4 .9 1 6 5 -0 0 4 4 .5 7 1 7 -0 0 4 4 .6 1 5 5 -0 0 4 4 .7 6 7 7 -0 0 4 4 .9 3 3 1 -0 0 4 4 .9 3 6 8 -0 0 4 18
17 5 .1 0 9 8 -0 0 4 4 .7 7 8 3 -0 0 4 4 .8 1 5 7 -0 0 4 4 .9 5 2 5 -0 0 4 5 .0 9 6 4 -0 0 4 5 .1 0 0 0 -0 0 4 17
16 5 .4 8 5 3 -0 0 4 5 .2 0 1 6 -0 0 4 5 .2 2 1 5 -0 0 4 5 .3 1 7 6 -0 0 4 5 .4 0 9 6 -0 0 4 5 .4 1 3 1 -0 0 4 16
15 5 .6 1 7 6 -0 0 4 5 .4 3 5 7 -0 0 4 5 .4 6 8 7 -0 0 4 5 .5 4 1 1 -0 0 4 5 .5 9 8 8 -0 0 4 5 .6 0 2 6 -0 0 4 15
14 5 .6 9 7 4 -0 0 4 5 .5 9 5 2 -0 0 4 5 .6 2 1 0 -0 0 4 5 .6 6 5 5 -0 0 4 5 .6 9 4 5 -0 0 4 5 .6 9 9 3 -0 0 4 14
13 6 .2 1 5 9 -0 0 4 6 .1 3 7 7 -0 0 4 6 .1 3 0 6 -0 0 4 6 .1 4 5 7 -0 0 4 6 .1 5 1 0 -0 0 4 6 .1 5 8 7 -0 0 4 13
12 6 .6 5 0 1 -0 0 4 6 .6 0 8 7 -0 0 4 6 .5 9 6 9 -0 0 4 6 .6 0 6 7 -0 0 4 6 .6 0 5 0 -0 0 4 6 .6 1 4 4 -0 0 4 12
11 7 .3 4 9 4 -0 0 4 7 .3 6 3 4 -0 0 4 7 .3 6 6 0 -0 0 4 7 .3 8 4 3 -0 0 4 7 .3 8 8 0 -0 0 4 7 .3 9 8 4 -0 0 4 11
10 8 .6 7 5 7 -0 0 4 8 .7 1 8 6 -0 0 4 8 .7 3 0 3 -0 0 4 8 .7 5 3 2 -0 0 4 8 .7 6 0 9 -0 0 4 8 .7 7 1 2 -0 0 4 10
9 9 .3 7 5 7 -0 0 4 9 .4 3 0 8 -0 0 4 9 .4 4 5 6 -0 0 4 9 .4 7 0 2 -0 0 4 9 .4 7 9 0 -0 0 4 9 .4 8 8 7 -0 0 4 9
8 9 .5 7 0 4 -0 0 4 9 .6 2 8 0 -0 0 4 9 .6 4 3 6 -0 0 4 9 .6 6 8 8 -0 0 4 9 .6 7 8 1 -0 0 4 9 .6 8 7 6 -0 0 4 8
7 9 .8 0 2 5 -0 0 4 9 .8 6 1 9 -0 0 4 9 .8 7 7 8 -0 0 4 9 .9 0 3 1 -0 0 4 9 .9 1 2 6 -0 0 4 9 .9 2 1 8 -0 0 4 7
6 1 .0 6 6 9 -0 0 3 1 .0 7 0 5 -0 0 3 1 .0 7 1 7 -0 0 3 1 .0 7 3 9 -0 0 3 1 .0 7 4 8 -0 0 3 1 .0 7 56-003 6
5 1 .1 0 1 0 -0 0 3 1 .1 0 0 9 -0 0 3 1 .1 0 0 8 -0 0 3 1 .1 0 2 0 -0 0 3 1 .1 0 2 5 -0 0 3 1 .1 0 30-003 5
4 9 .8 0 2 4 -0 0 4 9 .8 0 4 2 -0 0 4 9 .7 9 7 9 -0 0 4 9 .8 0 2 1 -0 0 4 9 .8 0 2 9 -0 0 4 9 .8 0 5 9 -0 0 4 4
3 2 .8 4 2 0 -0 0 4 2 .8 3 6 7 -0 0 4 2 .8 3 0 3 -0 0 4 2 .8 2 6 9 -0 0 4 2 .8 2 5 1 -0 0 4 2 .8 2 4 7 -0 0 4 3
2 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 2
1 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 3 .8 4 7 8 -0 0 6 1
****************************** K = 1 ******************************
****************************** kinem turb v i s e  ******************************
1= 1 2 3 4 5 6
J= J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 23
22 0.0000+000 3 .9 2 5 9 -0 0 5 3 .4 0 6 5 -0 0 5 3 .2 6 8 3 -0 0 5 4 .0 0 1 9 -0 0 5 5 .9 1 9 9 -0 0 5 22
21 0.0000+000 3 .4 7 8 5 -0 0 4 3 .2 0 5 8 -0 0 4 2 .9 7 3 7 -0 0 4 2 .9 7 5 4 -0 0 4 3 .4 8 5 9 -0 0 4 21
20 0.0000+000 6 .1 5 5 8 -0 0 4 5 .8 0 1 3 -0 0 4 5 .3 8 3 7 -0 0 4 5 .0 9 0 9 -0 0 4 5 .4 3 9 1 -0 0 4 20
19 0.0000+000 7 .1 0 2 5 -0 0 4 6 .8 4 5 2 -0 0 4 6 .4 3 8 5 -0 0 4 6 .0 5 5 8 -0 0 4 6 .2 8 6 0 -0 0 4 19
18 0.0000+000 7 .5 8 9 8 -0 0 4 7 .3 8 6 5 -0 0 4 6 .9 9 1 0 -0 0 4 6 .5 5 0 9 -0 0 4 6 .6 7 5 3 -0 0 4 18
351
17 0.0000+000 7 .9 3 4 4 -0 0 4 7 .7 7 9 9 -0 0 4 7 .4 2 0 8 -0 0 4 6 .9 5 6 4 -0 0 4 6 .9 9 1 1 -0 0 4 17
16 0.0000+000 8 .5 3 7 1 -0 0 4 8 .4 7 8 2 -0 0 4 8 .3 2 0 2 -0 0 4 7 .8 7 3 2 -0 0 4 7 .6 6 2 3 -0 0 4 16
15 0.0000+000 9 .0 8 0 7 -0 0 4 8 .9 9 7 9 -0 0 4 9 .0 3 7 4 -0 0 4 8 .7 2 8 2 -0 0 4 8 .1 6 8 2 -0 0 4 15
14 0.0000+000 9 .2 4 5 6 -0 0 4 9 .1 6 5 9 -0 0 4 9 .3 5 2 3 -0 0 4 9 .3 2 6 5 -0 0 4 8 .8 0 6 4 -0 0 4 14
13 0.0000+000 9 .3 1 3 2 -0 0 4 9 .3 0 9 0 -0 0 4 9 .6 2 4 1 -0 0 4 9 .8 9 2 3 -0 0 4 9 .9 8 8 9 -0 0 4 13
12 0.0000+000 9 .2 6 3 2 -0 0 4 9 .3 3 1 8 -0 0 4 9 .7 1 7 8 -0 0 4 1 .0 0 9 9 -0 0 3 1 .0 5 0 2 -0 0 3 12
11 0.0000+000 9 .4 6 4 5 -0 0 4 9 .5 7 1 1 -0 0 4 9 .9 9 0 5 -0 0 4 1 .0 451-003 1 .1 190-003 11
10 0.0000+000 9 .9 1 5 5 -0 0 4 1 .0 1 0 3 -0 0 3 1 .0 5 94-003 1 .1 161-003 1 .2 322-003 10
9 0.0000+000 1 .0 2 6 2 -0 0 3 1 .0 512-003 1 .1 0 6 0 -0 0 3 1 .1 6 8 9 -0 0 3 1 .3 0 0 1 -0 0 3 9
8 0.0000+000 1 .0 4 0 2 -0 0 3 1 .0 6 6 3 -0 0 3 1 .1 2 18-003 1 .1 857-003 1 .3 2 0 2 -0 0 3 8
7 0.0000+000 1 .0 5 8 1 -0 0 3 1 .0 8 5 8 -0 0 3 1 .1 4 2 1 -0 0 3 1 .2 070-003 1 .3 4 5 3 -0 0 3 7
6 0.0000+000 1 .1 6 5 6 -0 0 3 1 .1 9 4 9 -0 0 3 1 .2 4 7 5 -0 0 3 1 .3 108-003 1 .4 5 7 3 -0 0 3 6
5 0.0000+000 1 .3 7 9 3 -0 0 3 1 .4 1 1 1 -0 0 3 1 .4 5 9 8 -0 0 3 1 .5 2 10-003 1 .6 6 4 0 -0 0 3 5
4 0.0000+000 1 .6 7 4 8 -0 0 3 1 .7 0 3 0 -0 0 3 1 .7 4 1 8 -0 0 3 1 .7 939-003 1 .9 1 2 1 -0 0 3 4
3 0.0000+000 2 .0 1 4 6 -0 0 3 2 .0 3 4 8 -0 0 3 2 .0 6 0 7 -0 0 3 2 .0 9 6 7 -0 0 3 2 .1 7 2 7 -0 0 3 3
2 0.0000+000 2 .3 3 3 5 -0 0 3 2 .3 4 3 3 -0 0 3 2 .3 5 4 9 -0 0 3 2 .3 6 8 9 -0 0 3 2 .3 9 3 3 -0 0 3 2
1 0.0000+000 2 .3 3 3 7 -0 0 3 2 .3 4 3 5 -0 0 3 2 .3 5 5 2 -0 0 3 2 .3 6 9 1 -0 0 3 2 .3 9 3 4 -0 0 3 1
1= 7 8 9 10 11 12
J=
23 ‘0 .0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 1 .1 9 2 5 -0 0 4 2 .0 0 6 2 -0 0 4 3 .0 9 5 5 -0 0 4 4 .4 6 8 1 -0 0 4 5 .9 5 9 0 -0 0 4 6 .3 8 5 1 -0 0 4 22
21 4 .9 5 9 7 -0 0 4 6 .6 3 9 1 -0 0 4 8 .7 0 4 7 -0 0 4 1 .1 4 0 0 -0 0 3 1 .4 9 5 3 -0 0 3 1 .6 1 9 9 -0 0 3 21
20 6 .7 3 9 5 -0 0 4 8 .3 1 2 8 -0 0 4 1 .0 3 4 4 -0 0 3 1 .3 0 1 8 -0 0 3 1 .6 1 2 3 -0 0 3 1 .6 6 4 6 -0 0 3 20
19 7 .5 9 6 2 -0 0 4 9 .2 5 1 4 -0 0 4 1 .1 3 0 2 -0 0 3 1 .3 6 7 4 -0 0 3 1 .5 6 5 6 -0 0 3 1 .5 4 3 8 -0 0 3 19
18 7 .9 6 7 9 -0 0 4 9 .6 1 8 1 -0 0 4 1 .1 5 4 8 -0 0 3 1 .3 4 8 9 -0 0 3 1 .4 7 4 3 -0 0 3 1 .4 4 11-003 18
17 8 .2 5 8 1 -0 0 4 9 .8 6 6 9 -0 0 4 1 .1 6 1 5 -0 0 3 1 .3 1 1 2 -0 0 3 1 .4 0 0 6 -0 0 3 1 .3 9 6 2 -0 0 3 17
16 8 .7 8 1 2 -0 0 4 1 .0 1 2 1 -0 0 3 1 .1 2 0 0 -0 0 3 1 .1 6 9 8 -0 0 3 1 .2 4 28-003 1 .3 2 39-003 16
15 8 .8 9 9 9 -0 0 4 9 .8 4 5 9 -0 0 4 1 .0 2 7 8 -0 0 3 9 .9 4 1 0 -0 0 4 1 .0 8 6 0 -0 0 3 1 .3 2 4 4 -0 0 3 15
14 9 .0 7 8 5 -0 0 4 9 .6 9 1 9 -0 0 4 9 .8 6 5 8 -0 0 4 9 .2 4 9 8 -0 0 4 1 .0 0 7 0 -0 0 3 1 .4 2 86-003 14
13 1 .0 0 1 7 -0 0 3 1 .0 2 5 2 -0 0 3 1 .0 3 1 4 -0 0 3 9 .9 5 3 0 -0 0 4 9 .7 1 0 0 -0 0 4 1 .6 1 19-003 13
12 1 .0 5 0 5 -0 0 3 1 .0 5 3 0 -0 0 3 1 .0 5 2 7 -0 0 3 1 .0 4 7 6 -0 0 3 9 .7 4 5 5 -0 0 4 1 .7 7 5 1 -0 0 3 12
11 1 .1 3 1 5 -0 0 3 1 .1 2 6 4 -0 0 3 1 .1 3 0 1 -0 0 3 1 .1 5 3 0 -0 0 3 9 .7 8 3 5 -0 0 4 1 .8 2 53-003 11
10 1 .2 7 9 0 -0 0 3 1 .2 7 9 7 -0 0 3 1 .2 9 1 5 -0 0 3 1 .3 2 9 4 -0 0 3 1 .0 6 40-003 2 .0 0 6 5 -0 0 3 10
9 1 .3 6 1 5 -0 0 3 1 .3 6 8 8 -0 0 3 1 .3 8 5 9 -0 0 3 1 .4 1 9 9 -0 0 3 1 .1 0 44-003 1 .9 3 4 4 -0 0 3 9
8 1 .3 8 6 0 -0 0 3 1 .3 9 6 0 -0 0 3 1 .4 1 5 1 -0 0 3 1 .4 4 7 3 -0 0 3 1 .1 1 7 9 -0 0 3 1 .7 8 7 9 -0 0 3 8
7 1 .4 1 7 0 -0 0 3 1 .4 3 1 3 -0 0 3 1 .4 5 3 6 -0 0 3 1 .4 8 3 3 -0 0 3 1 .1 3 53-003 1 .6 2 6 5 -0 0 3 7
6 1 .5 5 5 5 -0 0 3 1 .5 9 1 8 -0 0 3 1 .6 2 6 4 -0 0 3 1 .6 4 4 1 -0 0 3 1 .2 3 25-003 1 .2 5 6 3 -0 0 3 6
5 1 .7 8 1 5 -0 0 3 1 .8 4 0 4 -0 0 3 1 .8 8 0 4 -0 0 3 1 .8 4 9 5 -0 0 3 1 .3 4 9 0 -0 0 3 1 .2 0 3 9 -0 0 3 5
4 2 .0 2 1 1 -0 0 3 2 .0 7 8 5 -0 0 3 2 .1 0 1 2 -0 0 3 2 .0 0 6 4 -0 0 3 1 .4 8 7 1 -0 0 3 1 .3 1 4 2 -0 0 3 4
3 2 .2 4 2 1 -0 0 3 2 .2 6 9 7 -0 0 3 2 .2 5 5 0 -0 0 3 2 .1 0 1 3 -0 0 3 1 .6 0 62-003 1 .4 3 2 4 -0 0 3 3
2 2 .4 0 2 4 -0 0 3 2 .3 8 3 0 -0 0 3 2 .3 2 4 2 -0 0 3 2 .1 2 9 9 -0 0 3 1 .7 2 41-003 1 .6 1 0 1 -0 0 3 2
1 2 .4 0 2 4 -0 0 3 2 .3 8 3 1 -0 0 3 2 .3 2 4 2 -0 0 3 2 .1 2 9 9 -0 0 3 1 .7 2 4 1 -0 0 3 1 .6 1 0 1 -0 0 3 1
1= 13 14 15 16 17 18
J=
23 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000 0.0000+000
J=
23
22 6 .3 3 9 6 -0 0 4 6 .2 3 4 4 -0 0 4 6 .1 4 8 8 -0 0 4 6 .1 0 1 3 -0 0 4 6 .0 7 4 0 -0 0 4 6 .0 7 5 7 -0 0 4 22
21 1 .6 3 5 9 -0 0 3 1 .6 4 1 3 -0 0 3 1 .6 3 5 9 -0 0 3 1 .6 2 8 0 -0 0 3 1 .6 1 4 7 -0 0 3 1 .5 9 2 9 -0 0 3 21
20 1 .6 7 9 4 -0 0 3 1 .6 8 3 7 -0 0 3 1 .6 7 7 0 -0 0 3 1 .6 6 7 2 -0 0 3 1 .6 502-003 1 .6 2 3 2 -0 0 3 20
19 1 .5 6 5 0 -0 0 3 1 .5 7 3 4 -0 0 3 1 .5 6 5 0 -0 0 3 1 .5 5 0 9 -0 0 3 1 .5 247-003 1 .4 8 1 6 -0 0 3 19
18 1 .4 7 6 8 -0 0 3 1 .4 9 7 5 -0 0 3 1 .4 9 0 3 -0 0 3 1 .4 7 2 6 -0 0 3 1 .4 3 6 2 -0 0 3 1 .3 7 1 5 -0 0 3 18
17 1 .4 4 8 6 -0 0 3 1 .4 8 3 0 -0 0 3 1 .4 7 8 7 -0 0 3 1 .4 5 9 1 -0 0 3 1 .4 153-003 1 .3 3 2 5 -0 0 3 17
16 1 .4 0 9 1 -0 0 3 1 .4 6 7 5 -0 0 3 1 .4 6 6 7 -0 0 3 1 .4 4 1 1 -0 0 3 I'. 3802-003 1 .2 6 3 3 -0 0 3 16
15 1 .4 5 6 0 -0 0 3 1 .5 6 9 0 -0 0 3 1 .5 8 7 3 -0 0 3 1 .5 5 8 7 -0 0 3 1 .4 731-003 1 .3 0 5 5 -0 0 3 15
352
14 1 .6 0 8 9 -0 0 3 1 .7 849-003 1 .8260-003
13 1 .8 4 61-003 2 .0 9 8 2 -0 0 3 2 .1 6 5 7 -0 0 3
12 2 .0 7 5 6 -0 0 3 2 .4 4 3 7 -0 0 3 2 .5 6 3 7 -0 0 3
11 2 .1 4 2 4 -0 0 3 2 .5 2 3 9 -0 0 3 2 .6 4 4 9 -0 0 3
10 2 .4 3 7 7 -0 0 3 2 .8 9 8 8 -0 0 3 3 .0 5 5 5 -0 0 3
9 3 .0 2 5 0 -0 0 3 3 .3 0 9 3 -0 0 3 3 .4 5 0 1 -0 0 3
8 2 .2 7 2 1 -0 0 3 2 .9 2 2 9 -0 0 3 3 .0 4 4 2 -0 0 3
7 2 .0 8 3 5 -0 0 3 2 .4 8 6 8 -0 0 3 2 .5 5 1 6 -0 0 3
6 1 .7 0 4 7 -0 0 3 9 .8 0 9 1 -0 0 4 8 .4 6 0 1 -0 0 4
5 1 .5 9 01-003 6 .3 0 2 9 -0 0 4 4 .6 6 5 6 -0 0 4
4 1 .5 4 79-003 5 .1 5 6 6 -0 0 4 3 .1 9 7 2 -0 0 4
3 1 .5 2 7 8 -0 0 3 4 .5 3 8 9 -0 0 4 2 .1 6 8 7 -0 0 4
2 0.0000+000 0.0000+000 0.0000+000
.1 0.0000+000 0.0000+000 0.0000+000
1= 19 20 21
J=
23 0.0000+000 0.0000+000 0.0000+000
22 6 .0 7 7 2 -0 0 4 5 .5 9 8 8 -0 0 4 4 .2 0 9 1 -0 0 4
21 1 .5 7 1 0 -0 0 3 1 .4 4 6 5 -0 0 3 1 .1 050-003
20 1 .5 9 9 2 -0 0 3 1 .5 4 1 0 -0 0 3 1 .2559-003
19 1 .4 4 5 1 -0 0 3 1 .4 4 2 2 -0 0 3 1 .2 824-003
18 1 .3 1 6 4 -0 0 3 1 .3 1 3 9 -0 0 3 1 .2 315-003
17 1 .2 5 9 2 -0 0 3 1 .2 1 7 6 -0 0 3 1 .1 661-003
16 1 .1 5 8 5 -0 0 3 1 .0 0 5 9 -0 0 3 9 .5 9 0 9 -0 0 4
15 1 .1 6 5 5 -0 0 3 7 .9 5 3 8 -0 0 4 7 .2 5 9 5 -0 0 4
14 1 .2 7 4 6 -0 0 3 6 .7 6 5 3 -0 0 4 6 .3 9 8 2 -0 0 4
13 1 .4 4 1 9 -0 0 3 6 .0 6 3 3 -0 0 4 7 .2 7 9 8 -0 0 4
12 1 .5 6 1 4 -0 0 3 6 .0 1 8 6 -0 0 4 8 .0 3 9 6 -0 0 4
11 1 .5 8 7 4 -0 0 3 5 .9 8 5 8 -0 0 4 9 .2 3 4 3 -0 0 4
10 1 .6 9 3 6 -0 0 3 7 .1 9 1 8 -0 0 4 1 .1 052-003
9 1 .6 9 5 7 -0 0 3 7 .9 0 3 4 -0 0 4 1 .1 800-003
8 1 .5 5 6 8 -0 0 3 8 .1 3 1 8 -0 0 4 1 .2015-003
7 1 .3 9 0 6 -0 0 3 8 .3 8 5 8 -0 0 4 1 .2 263-003
6 9 .4 8 2 8 -0 0 4 9 .5 5 4 7 -0 0 4 1 .3 454-003
5 8 .3 8 5 5 -0 0 4 1 .0 0 6 4 -0 0 3 1 .3 941-003
4 8 .9 9 7 0 -0 0 4 1 .0 0 0 4 -0 0 3 1 .2 334-003
3 4 .0 2 7 6 -0 0 4 3 .5 1 9 4 -0 0 4 3 .8 5 8 0 -0 0 4
2 0.0000+000 0.0000+000 0.0000+000
1 0.0000+000 0.0000+000 0.0000+000
1= 25 26 27
J=
23 0 .0000+000 0.0000+000 0.0000+000
22 5 .3 2 4 7 -0 0 5 3 .4 5 4 1 -0 0 5 2 .4 0 6 2 -0 0 5
21 3 .2 8 8 7 -0 0 4 2 .7 0 2 1 -0 0 4 2 .4 7 6 4 -0 0 4
20 5 .2 3 2 7 -0 0 4 4 .7 1 7 4 -0 0 4 4 .7 0 5 9 -0 0 4
19 6 .0 1 7 0 -0 0 4 5 .5 4 4 5 -0 0 4 5 .5 9 1 9 -0 0 4
18 6 .3 4 1 5 -0 0 4 5 .8 9 3 2 -0 0 4 5 .9 5 0 1 -0 0 4
17 6 .5 9 2 7 -0 0 4 6 .1 6 1 7 -0 0 4 6 .2 1 0 4 -0 0 4
16 7 .0 8 0 9 -0 0 4 6 .7 1 2 1 -0 0 4 6 .7 3 8 0 -0 0 4
15 7 .2 5 2 8 -0 0 4 7 .0 1 6 4 -0 0 4 7 .0 5 9 3 -0 0 4
14 7 .3 5 6 6 -0 0 4 7 .2 2 3 8 -0 0 4 7 .2 5 7 3 -0 0 4
13 8 .0 3 0 7 -0 0 4 7 .9 2 9 0 -0 0 4 7 .9 1 9 8 -0 0 4
12 8 .5 9 5 2 -0 0 4 8 .5 4 1 3 -0 0 4 8 .5 2 6 0 -0 0 4
1 .7 9 23-003 1 .6742-003 1 .4 4 6 8 -0 0 3 14
2 .1 2 3 0 -0 0 3 1 .9576-003 1 .6 4 81-003 13
2 .5 1 9 5 -0 0 3 2 .2 8 9 0 -0 0 3 1 .8 3 4 4 -0 0 3 12
2 .5 9 6 0 -0 0 3 2 .3 4 9 6 -0 0 3 1 .8 7 0 9 -0 0 3 11
3 .0 2 5 3 -0 0 3 2 .7 6 0 7 -0 0 3 2 .1 4 1 9 -0 0 3 10
3 .4 7 2 7 -0 0 3 3 .3 5 9 7 -0 0 3 3 .0 4 9 4 -0 0 3 9
3 .0 6 2 1 -0 0 3 2 .9 5 5 1 -0 0 3 2 .2 8 3 3 -0 0 3 8
2 .5 5 8 4 -0 0 3 2 .4 9 7 1 -0 0 3 2 .0 9 1 0 -0 0 3 7
8 .4 9 7 3 -0 0 4 1 .0210-003 1 .6 5 6 9 -0 0 3 6
4 .6 0 1 3 -0 0 4 6 .3 5 6 3 -0 0 4 1 .4 5 6 4 -0 0 3 5
2 .9 4 0 8 -0 0 4 4 .5 2 4 8 -0 0 4 1 .2 4 9 1 -0 0 3 4
1 .5 3 8 5 -0 0 4 2 .1 3 7 6 -0 0 4 4 .6 5 5 9 -0 0 4 3
0.0000+000 0.0000+000 0.0000+000 2
0.0000+000 0.0000+000 0.0000+000 1
22 23 24
J=
0.0000+000 0.0000+000 0.0000+000 23
2 .9 1 7 7 -0 0 4 1 .8 743-004 1 .0 9 6 7 -0 0 4 22
8 .4 5 7 7 -0 0 4 6 .4 3 8 2 -0 0 4 4 .7 6 7 4 -0 0 4 21
1 .0 0 6 0 -0 0 3 8 .1 1 8 5 -0 0 4 6 .5 7 0 0 -0 0 4 20
1 .0 7 9 6 -0 0 3 8 .9 3 4 9 -0 0 4 7 .3 5 7 3 -0 0 4 19
1 .0 8 44-003 9 .1 9 0 1 -0 0 4 7 .6 6 2 7 -0 0 4 18
1 .0 7 1 7 -0 0 3 9 .3 2 6 0 -0 0 4 7 .8 8 5 3 -0 0 4 17
9 .7 5 3 7 -0 0 4 9 .2 4 6 6 -0 0 4 8 .2 1 2 5 -0 0 4 16
8 .4 4 9 9 -0 0 4 8 .7 0 6 5 -0 0 4 8 .1 1 2 6 -0 0 4 15
7 .9 1 8 4 -0 0 4 8 .3 5 4 0 -0 0 4 7 .9 8 7 4 -0 0 4 14
8 .2 3 0 9 -0 0 4 8 .6 2 9 2 -0 0 4 8 .4 5 1 9 -0 0 4 13
8 .4 6 6 4 -0 0 4 8 .8 4 2 9 -0 0 4 8 .8 2 8 6 -0 0 4 12
9 .2 2 4 6 -0 0 4 9 .5 0 6 3 -0 0 4 9 .5 8 3 0 -0 0 4 11
1 .0 854-003 1 .1052-003 1 .1 195-003 10
1 .1 7 4 1 -0 0 3 1 .1926-003 1 .2 075-003 9
1 .2 0 0 2 -0 0 3 1 .2 1 82-003 1 .2 3 2 6 -0 0 3 8
1 .2 3 1 7 -0 0 3 1 .2 4 90-003 1 .2 626-003 7
1 .3 6 4 2 -0 0 3 1 .3772-003 1 .3 824-003 6
1 .4 401-003 1 .4505-003 1 .4 4 0 2 -0 0 3 5
1 .2 914-003 1 .3011-003 1 .2 8 5 5 -0 0 3 4
4 .0 0 8 3 -0 0 4 3 .9 2 4 8 -0 0 4 3 .7 5 7 6 -0 0 4 3
0.0000+000 0.0000+000 0.0000+000 2
0.0000+000 0.0000+000 0.0000+000 1
28 29 30
J=
0.0000+000 0.0000+000 0.0000+000 23
2 .2 1 7 0 -0 0 5 2 .4 8 0 3 -0 0 5 2 .4 8 6 2 -0 0 5 22
2 .5 2 5 5 -0 0 4 2 .6 9 9 3 -0 0 4 2 .7 0 2 8 -0 0 4 21
4 .9 0 6 8 -0 0 4 5 .1 8 4 4 -0 0 4 5 .1 8 9 1 -0 0 4 20
5 .8 0 0 2 -0 0 4 6 .0 4 1 1 -0 0 4 6 .0 4 5 8 -0 0 4 19
6 .1 4 8 0 -0 0 4 6 .3 6 3 1 -0 0 4 6 .3 6 7 8 -0 0 4 18
6 .3 8 8 3 -0 0 4 6 .5 7 5 3 -0 0 4 6 .5 8 0 0 -0 0 4 17
6 .8 6 2 8 -0 0 4 6 .9 8 2 4 -0 0 4 6 .9 8 7 0 -0 0 4 16
7 .1 5 3 4 -0 0 4 7 .2 2 8 4 -0 0 4 7 .2 3 3 3 -0 0 4 15
7 .3 1 5 1 -0 0 4 7 .3 5 2 8 -0 0 4 7 .3 5 9 1 -0 0 4 14
7 .9 3 9 4 -0 0 4 7 .9 4 6 3 -0 0 4 7 .9 5 6 3 -0 0 4 13












9 .5 0 4 1 -0 0 4  9 .5 2 2 4 -0 0 4  9 .5 2 5 8 -0 0 4
1 .1 2 2 8 -0 0 3  1 .1 2 8 4 -0 0 3  1 .1299-003
1 .2 1 3 8 -0 0 3  1 .2 2 1 0 -0 0 3  1 .2 229-003
1 .2 3 9 1 -0 0 3  1 .2 4 6 6 -0 0 3  1 .2 487-003
1 .2 6 9 3 -0 0 3  1 .2 7 7 1 -0 0 3  1 .2 791-003
1 .3 8 1 9 -0 0 3  1 .3 8 6 7 -0 0 3  1 .3 882-003
1 .4 2 6 3 -0 0 3  1 .4 2 6 2 -0 0 3  1 .4 2 6 1 -0 0 3
1 .2 6 9 3 -0 0 3  1 .2 6 9 5 -0 0 3  1 .2 687-003
3 .6 4 4 6 -0 0 4  3 .6 3 7 7 -0 0 4  3 .6 2 9 3 -0 0 4  
0 .0000+000 0 .0000+000 0.0000+000 
0 .0000+000 0 .0000+000 0 .0000+000
353
.5496-004  9 .5 5 4 4 -0 0 4  9 .5 6 8 0 -0 0 4  11
.1329-003 1 .1 3 3 9 -0 0 3  1 .1 3 5 3 -0 0 3  10
.2261-003 1 .2 2 7 3 -0 0 3  1 .2 2 8 5 -0 0 3  9
.2519-003 1 .2 5 3 1 -0 0 3  1 .2 544-003  8
.2824-003 1 .2 8 3 6 -0 0 3  1 .2 8 4 8 -0 0 3  7
.3910-003 1 .3 9 2 2 -0 0 3  1 .3 9 3 2 -0 0 3  6
.4276-003 1 .4 2 8 2 -0 0 3  1 .4 2 8 9 -0 0 3  5
.2693-003 1 .2 6 9 4 -0 0 3  1 .2 6 9 8 -0 0 3  4
.6250-004  3 .6 2 2 6 -0 0 4  3 .6 2 2 1 -0 0 4  3
.0000+000 0 .0000+000 0.0000+000 2
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